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ABSTRACT 
The term lubricating oils is generally used to include all those compounds having lubricating actions. 

The basic functions of a lubricant are to keep moving parts apart, reduce friction, protect against 

wear, transfer heat, prevent rust and corrosion, act as antioxidantetc.The lubricating base oil can’t 

alone satisfy all the demand of machinery system, therefore suitable additive package are added to 

base oil which either impart new and useful properties to the lubricant or enhance properties already 

present.  

Present work involves synthesis, characterization and performance study of multifunctional lube oil 

additives. Different acrylate based polymer were synthesized by varying the alcoholic part of the 

acrylate ester. In case of copolymers one unit was acrylate and the other unit were styrene, 1-decene 

and different vegetable oils. Blending ofacrylate polymer with ionic liquid also be used in this study. 

The polymers were synthesized thermally or by microwave method in presence of BZP or AIBN as 

initiator.  Characterization of the polymers was carried out by spectral analysis (FT-IR, 
1
H NMR and 

13
C NMR), followed by molecular weight determination (Viscometric / GPC). Thermal stability of 

polymers was determined by Thermogravimetric analysis (TGA). Additive performance of the 

polymers as viscosity modifier (VM), pour point depressant (PPD) and in some cases as anti-wear 

(AW) were investigated in different base oils according to standard ASTM methods. The shear 

stability and oil thickening property of the polymers has also been studied.For the biodegradable 

polymeric additives, biodegradability test was done by disc diffusion method against different fungal 

pathogens and by soil burial degradation test. Since all the additives were multifunctional in nature, 

interest of research on this area gives a new perspective in the lubrication technology. 

In this thesis at first general introduction about the research area was given. Then the complete 

research work has been divided into three parts: Part I, Part II and Part III. Part I“Acrylate polymers 

as multifunctional lubricating oil additives”is divided into four chapters (chapter I, chapter II and 

chapter III and chapter IV). Chapter I comprises the background study of part I. Chapter II is divided 

into section A and section B. Section A discussed about the homopolymer of dodecyl acrylate and its 
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copolymer with styrene and 1-decene.First the homo and copolymer are synthesized followed by 

characterisation of the prepared polymer by spectral method (FT-IR, 
1
H NMR and 

13
C NMR) and 

viscometric molecular weight determination. Then different performance  as viscosity index 

improver (VII), also known as viscosity modifier (VM), Shear stability, Thickening (THK) of the 

prepared polymers in base oils were evaluated and was found that shear stability decreases with 

increasing the polymer concentration in base oil.Section B of part I comprises with synthesis of  

homopolymer of decyl acrylate and its copolymer with styrene and 1-decene followed by their 

characterisation by  spectral method (FT-IR, 
1
H NMR and 

13
C NMR) and molecular weight 

determination (by GPC i.e. Gelpermeation chromatography). Then the performance evaluation was 

done as VII, PPD (Pour point depressant) and  AW(Anti-wear).The shear stability of the prepared 

polymers were also determined and was found that copolymer is better shear stable than 

homopolymer. Chapter III describes the preparation of myristyl acrylate by two different 

polymerisation processes, thermal polymerisation and microwave polymerisation and also using two 

different initiators (BZP and AIBN) in each case of polymerisation process.The characterization of 

the polymers was carried out through FT-IR, NMR and Viscometric molecular weight determination. 

The thermal stability of the polymers was determined by thermo gravimetric analysis (TGA) and 

shear stability of the polymers were determined as per ASTM D - 3945 method. The performance of 

all the polymers in two different base oils wasstudied. It was found that polymer prepared by 

microwave assisted method showed better thermal stability over the  one prepared by thermal 

method but  the shear stability of the polymer was influenced by the nature of the initiator rather than 

the way polymerization process and initiator BZP provides better shear stability compare to AIBN. 

Study also described that Viscosity index of AIBN initiated polymer is more than that of BZP 

initiated both in thermal and microwave condition. Chapter IV discussed about homopolymer of 

isodecyl acrylate (IDA) and isooctyl acrylate (IOA) and their copolymer with styrene in different 

mole fraction.Characterisation of each polymer was carried out through FT-IR, NMR spectra and 
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molecular weight determined by GPC method. Performance of the polymers as VII, PPD, AW was 

determined and was found that homopolymer of isodecyl acrylate exhibit better additive performance 

than that of isocotyl acrylate.  

Part II “Polyacrylate and Ionic liquid blend as a multifunctional lubricating oil additive” is divided 

into two chapter, chapter I and chapter II. Chapter I is the brief introduction of the part I study. 

Chapter II described the synthesis and characterisation of decyl acrylate polymer and it was blended 

with ionic liquid. The characterisation of blending was carried out by spectral method and molecular 

weight was determined by GPC method. Performance (VI, PP, and AW) of the blend in comparison 

with the homopolymer of decyl acrylate was studied.The mechanism of action of the additives as 

PPD was studied by photo micrographic image.It was found that though the VII property of blend is 

somewhat less than homopolymer, but, it’s Anti-wear property makes it as a potent lubricating 

additive.  

 

Part III “Multifunctional vegetable oil polymer as a lubricating oil additive” is divided into three 

chapter, chapter I, chapter II and chapter III. Chapter I is the background of respective work. Chapter 

II described the biodegradable lube oil additives obtained from copolymer of rice bran oil and 

dodecyl acrylate with different wt./wt. ratio. The copolymers were characterized by spectroscopy 

(FT-IR, NMR), TGA and by molecular weight determination through GPC. Performance evaluation 

of all the prepared polymers in mineral base oil as viscosity index improver, pour point depressant 

was carried out according to standard ASTM methods. The mechanism of action of the additives as 

PPD was studied by photo micrographic image. Biodegradability was measured by i) Disc diffusion 

methodand ii) Soil burial test. The polymer samples recovered after the tests were measured 

tocalculate effective weight loss. GPC analysis and FT-IR spectra of recovered sampleswere 

compared with respective results before the tests to confirm the biodegradablenature of the 

copolymers.Comparison of performance of copolymer with homopolymer also carried out. The study 

was reveals that copolymer showed VII and PPD property and also response a lot in biodegradability 
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test.Chapter III discussed about the biodegradability and multifunctional characteristics of 

homopolymer of palm oil and it’s copolymer with decyl acrylate. Characterisation of the polymers 

was done by spectral method (FT-IR, NMR) and molecular weight determined through GPC. 

Multifunctional performance (VI, PP, shear stability) and biodegradability of the polymers was 

determined and compared. It was found that though the copolymer is to some extent less 

biodegradable than homopolymer of palm oil but the other multifunctional performance makes it a 

potent biodegradable multifunctional lubricating oil additive. 
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PREFACE 

 Lubricant is a substance (e.g. oil, grease or soap) that when introduced between solid surfaces which 

move over one another reduces resistance to movement, heat production and wear (i.e. friction and 

its effects) by forming a fluid film between the surfaces.Typically lubricants contain base oil (most 

often petroleum fractions, called mineral oils) and additives to impart desirable characteristics. 

Additives either enhance the existing properties of lubricating oil or introduce some new properties. 

Functions of modern engines are very complex, therefore, the lubricant industry always looking for 

new technology to improve product performance. In recent years demands for multifunctional, cost 

effective, biodegradable additives have increasedconsiderably. In the present work, the author has 

synthesized some multifunctional lube oil additives and their performances in different base oil were 

evaluated.In Part I, acrylate based homo and co polymeric additives have been synthesized and their 

performances were studied in different base oil. In Part II, ionic liquid is blended with acrylate 

polymer and the performance of the blend as a lube oil additive has been studied. Part III comprises 

synthesis, characterization and performance evaluation of some biodegradable vegetable oil (rice 

bran oil and palm oil) based polymeric additives. 
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The principle of supporting a sliding load on a friction reducing film is known as lubrication. 

The substance of which the film is composed is a lubricant, and to apply it is to lubricate. From 

the early days of civilization people were used animal fat, mud, grease, oil etc. to assist in 

reducing the energy needed to slide one object against another
1
. So, the use of lubricants is not 

new concept but scientific focus on lubricants and lubrication technology is relatively new.  It is 

recorded that have been utilized as lubricant as early as 2400 B.C. 

         Lubricating oil, also known as lube oil or base oil, is the basic building block of a lubricant. 

It is most often petroleum fraction, called mineral oil with composite mixture of paraffinic, 

aromatic, and naphthenic hydrocarbons with varying molecular weights ranging from medium to 

high values. Sometime vegetable oil or synthetic oil such as poly alpha-olefins, synthetic esters, 

silicate esters, poly alkylene glycols etc. are also used as lube oil. 

         The first and foremost application of the lube oils is to reduce the friction of one metal 

surface on another during movement in engine together with reduction of heat generation in 

engine by forming a physical barrier i.e., a thin layer between the moving parts in a system. 

Along with lubrication a lubricant performs a number of other functions. These include cooling, 

cleaning and suspending, protecting metal surfaces against corrosive damage, reduced variation 

of oil viscosity with temperature, low temperature oil flow ability, less fuel consumption, 

protection against wear, rust inhibition, and so on. With the improvement of technology and 

varying kinds of modern engines, more and additional demands for technically improved lube oil 

are increasing which include multifunctional performance, cost benefit along with environmental 

protection.Natural petroleum based lube oils are not able to satisfy all the request of modern 

engine. As a result, some external compounds called lubricating oil additives
2-12  

are added in 

lube oil to improve the properties already present or to impart additional desirable properties. 
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The additive doped lube oil is termed as commercial lubricant. The examples of already-existing 

properties include pour point, viscosity, viscosity index, oxidation resistance etc. The examples 

of new properties include cleaning and suspending ability, anti-wear performance, corrosion 

control and so on. According to need and field service performance the additives are used as 

single chemical or mixture of two or more compounds in base oil in different concentration. 

Structurally most of the additives have long chain hydrocarbon unit to make them soluble in base 

oil. 

Normally lube oil additives can be divided in three categories: 

a) Surface additive: These of additives protect the metal surface from rust or wear by creating a 

protective film on them. Corrosion inhibitors
4
, anti-wear

4,5 
extreme pressure

2
, friction modifier

3 

etc. are examples of this kind. 

b) Lubricant protective additive: Lubricant protective additives protect the additives in lube oil 

from oxidation, high temperature breakage etc. Antioxidant
6,7 

and foam inhibitor
8
 are of this 

type. 

c) Performance enhancing additive: Certain additives are used to introduce new performance 

or to enhance the existing properties of base oil. These are Viscosity Modifier (VM)
9
, Pour Point 

Depressant (PPD)
10

, detergent
11

, dispersant
11

, demulsifier
12

 etc.  

The present investigation includes the synthesis of some polymeric additives, followed by their 

characterization and performance evaluation as PPD, VM, and shear stability in base oils. Brief 

description of these additives is depicted below. 

          Pour point depressant: Most mineral oils contain some dissolved waxy materials and 

with decreasing temperature, this waxy component begins to separate as tiny crystals that 
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interlock to form a rigid structure that traps a substantial amount of oil in small pockets in the 

structure and thus inhibiting oil flow. The solution becomes hazy at a certain temperature known 

as cloud point. If the temperature is decreased far enough, more and more wax precipitates, the 

crystals grow into plates, and finally the plates will grow together to form a three-dimensional 

network that totally immobilizes the oil. This solidification process is also referred to as gelation. 

The lowest temperature at which the oil becomes semi solid and loses its flow ability, is the Pour 

Point (PP)
13-17

 of the oil. The pour point may also be defined as the lowest temperature at which 

oil can flow. Usually, the pour point is indicative of the presence and crystallization of wax 

material in oil. 

          Most of the wax is removed from the base oil during refining process but some wax is still 

needed for achieving the proper viscosity. Extensive dewaxing also decreases the oxidation 

stability of base oils and increases the formation of carbon deposits. So some external ingredients 

are required to be added which improve the function of mineral oils efficiently at low 

temperatures, keeping the viscosity benefits of the wax at higher temperatures. These are the 

Pour Point Depressants
18-22 

(PPDs) or flow improvers which are designed to lower the 

temperature at which wax crystals of petroleum base lubricating oil start to build up.  

           There is interesting mechanism of action of PPDs in base oil. It was well known that alkyl 

aromatic compounds coated the surface of the wax crystals and prevent further growth. Although 

the precise way of how PPDs operate is not absolutely clear, they all really modify the crystal 

morphology by various mechanisms involving nucleation, co-crystallization, and adsorption
23-25

. 

Light microscopy reveals that wax crystals are usually thin plates or blades. As earlier 

mentioned, PPDs are polymeric compounds with long hydrocarbon chain. This linear structure 

assists to modify the wax crystal growth by co-crystallization along with the wax species present 
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in the oil
24

. Thus the lateral crystal growth is inhibited and the wax crystals are kept apart from 

each other by the PPD backbone. PPDs inhibit wax crystals from agglomeration or solidification 

at low temperatures. Therefore, the wax crystals are no longer able to form three-dimensional 

network to inhibit oil flow and thus the bulk oil remains in a liquid state. 

            PPDs are polymeric compounds with long chain hydrocarbon. Most common PPDs are 

ethylene-vinyl acetate copolymers,
26

 fumerate copolymers,
27, 28

 poly (acrylates),
29

 poly 

(methacrylates),
20,30

 etc. 

                                                       

                poly(acrylate)                           poly(methacrlate) 

                Figure 1. Structure of commonly used pour point depressants                                                        

     

         Viscosity modifier: Viscosity Modifiers (VMs) or Viscosity Index Improvers (VIIs) are 

substances that improve viscosity index
31, 32 

of oil by resisting the change of viscosity with 

temperature in lubricating oil. The viscosity index (VI) is an indicator of the change in viscosity 

as the temperature is changed. A high viscosity index reveals small change of viscosity with 

temperature and vice versa
33

. 

           The viscosity of a lubricant is the measure of its ability to reduce friction and increases 

with decreasing temperature. When the temperature is low lubricant becomes too viscous and 

there require a large amount of energy to move, on the other hand when temperature becomes 

higher it becomes so thin that surfaces will come in contact and friction will increase. Many 

lubricant applications systems want lubricants which work at great performance levels over a 

wide temperature range. So, the lubricant having high VI or with least viscosity, but still 
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minimizing friction between two moving surfaces is desired. Above all, addition of certain oil-

soluble polymeric ingredients to base oil has significantly improved its viscosity index. Some of 

them are olefin copolymers (OCPs), poly (butenes),
34,35 

poly (isobutylenes) (PIBs),
36

 

hydrogenated styrene isoprene copolymer (SIP), ethylene α-olefin copolymers, poly (acrylates),   

poly (methacrylates)
37,38 

and polyalkylstyrene
39

 etc. 

          VI improvers are long chain, high molecular weight polymers that increases the relative 

viscosity of oil more at high temperatures than at low temperatures. The reason of this is due to a 

change in the polymer‘s physical configuration with increasing temperature of the base oil. It is 

suggested that in cold oil the polymer molecules adopt a coiled structure so that their effect on 

viscosity is minimized. In hot oil, the polymer molecules open up in straight chain like 

configuration which has greater volume, and the interaction between these long molecules and 

the oil creates a proportionally greater thickening effect. This increase in volume of the additives 

causes increase of base oil viscosity which compensated the normal reduction on base oil 

viscosity with higher temperature.
40 

 

The process of polymer coil expansion is entirely reversible as coil contraction occurs with 

decreasing temperature. 

 

Figure 2. Expansion of viscosity modifier with temperature 
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          As temperature increases, solubility improves, and polymer coils ultimately expand to 

some maximum size and in so doing provide more and more viscosity. Higher molecular weight 

of the VM also increases effective volume in oil solution and shows greater viscosity index.  

In ―poor‖ solvents attractive interactions force between the polymer seg-ments dominate 

resulting in a collapse of the polymer chains into compact polymer globules. In ―good‖ solvents 

repulsive forces between polymer segments dominate resulting in an expansion of the polymer 

globule into a random polymer coil. Generally, as temperature increases, the solvent becomes 

more effective and can induce a globule -to-random coil transition. 

Although people have studied and reported number of additives working either only as a 

VM
9,41,42  

or PPD
20,43-45 

additive or few more based on offering bifunctional properties like VM-

PPD
46 

but literature regarding multifunctional but shear stable additives are very scanty till date. 

With the advent of technology and development of modern engine, cost effective and eco-

friendly additives providing multifunctional properties in lubricating oil are more demanding to 

satisfy OEM needs or consumer requests. To meet this demand attempts were made to introduce 

multifunctional performance in a single additive system. In the present research, some acrylate 

based system and also Ionic liquid blended poly acrylate systems were synthesised and their 

multifunctional performance were investigated. Considerably lower amount of Ionic liquid was 

used to ensure cost benefit. 

         Moreover, the concept of greener and eco-friendly technology was also incorporated by 

means of the green units, naturally occurring rice-bran oil, palm oil. The additive doped 

lubricating oils exhibited excellent multifunctional performance along with very significant 

biodegradability. Briefly, the thesis includes synthesis, characterization, and performance 

evaluation of wide variety of different polymeric additives for lube oils. The characterization of 
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the polymers was carried out spectroscopically (by FT-IR and NMR) followed by determination 

of thermal stability through Thermogravimetric Analysis (TGA). Molecular weight of the 

polymers was determined by viscometric analysis or by gel permeation chromatographic method 

(GPC method). Finally performance evaluation of the additives mainly as Pour Point Depressant 

(PPD), Viscosity Modifier (VM) and shear stability were carried out by standard ASTM methods 

in different base oils. Alsobiodegradability study was performed by disc diffusion method using 

different fungal pathogens and by soil burial test as per ISO 846: 1997 rules. 

         The outcome of the present investigations has yielded some potential additives which can 

be processed for commercial application. In addition, the investigation has also contributed much 

to the little known lube oil additive chemistry and will definitely help to grow research interest 

among the young scientists in the field of lubricant technology. 

References 

References are given in Bibliography under general introduction (Page No 171-175). 
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        The lube oil is the building block with respect to which appropriate additives are selected 

and well blended to achieve a delicate balance in performance characteristics of the finished 

lubricant. The lube oils are products of refining crude oil. They are complex mixture of aromatic, 

paraffinic, and naphthenic hydrocarbons with varying molecular weights. The proportions of 

different hydrocarbon components determine the characteristics of the base oils. 

          Lube oil Additives are chemical compounds added to lube oils to provide specific 

properties to the finished oils. Some additives impart new and valuable properties to the 

lubricant; some develop properties already present, while some additives reduce the rate at which 

undesirable changes take place in the product during its service life. Recent research towards the 

understanding of additives performance in base oils indicated that the performance of additives 

when used in lubricating oil and applied in field conditions are very much dependent on the 

structure and morphology of the polymer dissolved in it. 

          Additives cover a varied range of chemicals, simple organic molecules, polymers, 

inorganic compounds etc. In base oil single or mixture of additives can be used as needed. In 

absence many of these, the oil would not accurately protect engine parts at all functioning 

temperatures, become contaminated, break down. Some additives impart lubricants to perform 

better under severe conditions, such as extreme pressures and temperatures and high levels of 

contamination. Combination of different additives and their quantities are determined by the 

lubricant type (Engine oils, Hydraulic oils, Gear oils, cutting fluids, compressor oils, Way 

lubricants, etc.) and the specific operating conditions (temperature, loads, machine parts 

materials, environment). Additives help lubricants withstand extreme operating environments. 

Even the best base oil cannot protect as well against the effects of heat, shearing forces, chemical 

and water dilution, corrosion and wear particles. In short, additives make good base oils better. 

http://www.substech.com/dokuwiki/doku.php?id=engine_oils
http://www.substech.com/dokuwiki/doku.php?id=hydraulic_oils
http://www.substech.com/dokuwiki/doku.php?id=cutting_fluids_coolants
http://www.substech.com/dokuwiki/doku.php?id=way_lubricants
http://www.substech.com/dokuwiki/doku.php?id=way_lubricants
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         Considering the performances, the additives can be of different types as follows: 

 

Figure 1(a). Different kinds of lube oil additives 

           These additives when added in base lubricating oils improve their field performance by 

providing their natural characteristics. The additives, single or mixture, provide special 

performanceto meet the requirement of the base oil in field application. Considering the cost 

effectiveness, demand and research for multifunctional additive
1-5 

i.e. a single additive wherein 

more than one additive performance can be present
6-9 

are increasing. Recently multifunctional 

additives play the major role in the technology of engine oils.  

         With this background the present investigation involves the incorporation of few major 

additive performances (PPD, VM, shear stability) in single additive system. 

          In keeping with the present investigation, it will be very relevant to include a brief review 

on PPD and VM additives of lubricating oil. Several investigations together with lot of 

experience of high molecular weight compounds as additives in use till now are opening 
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possibilities in the development of multifunctional polymeric additives that have both PPD and 

VM properties. 

          The lowest temperature at which lubricating oil will maintain its fluidity when cooled 

under specific conditions
10-14 

is called pour point. Most mineral oils have some dissolved wax 

and as the oil is cooled, some of the waxy materials of the lube oil come out of solution as tiny 

crystals. As the temperature decreases, progressively more wax precipitates. Gradually the wax 

crystals grow in size and finally, form a three-dimensional rigid structure for which the oil 

entirely loses its ability to flow under the test conditions. Although the wax network containing 

trapped oil is somewhat brittle and easily destroyed by shaking or stirring but in many 

applications like an oil reservoir where the bulk of the oil is in a stagnant situation, the wax 

structure inhibits oil flow ability very effectively. Thus there is a lower temperature bound on the 

lubricant application, consequently, addition of certain external material termed as Pour Point 

Depressant
15-19

 (PPD) is needed. Certain high molecular weight polymers with long chain 

hydrocarbon can reduce the pour point temperature of the lube oil and thus developing low 

temperature flow performance. PPD function by inhibiting the formation ofa wax crystal 

structure that would prevent oil flow at low temperature. The mechanism of action of PPD 

involves modification of large wax crystal network formation by preventing wax crystals from 

agglomeration or solidification at reduced temperatures. The efficiency of a PPD depends on 

their, structural properties, chemical composition and alkyl chain length.Their structural linearity 

assists to prevent the wax crystal growth by co-crystallizing with the wax species present in the 

oil. Furthermore, the wax crystals are remainapart from each other by the PPD backbonewhich 

adsorbed in wax crystal. Thus the wax in the oil remains as tiny particle and is no longer able to 

form three-dimensional structures to inhibit flow and ensure fluidity.
20, 21

 Most common PPD‘s 
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are fumerate copolymers,
22

 ethylene-vinyl acetate copolymers,
23, 24

 poly (methacrylates),
 16, 25

 

poly (acrylates)
 26

 etc. 

 

Figure 1(b): PPD action mechanism showing four stages, a) needle of oil, b) gel network 

formation at low temperature, c) co-crystallization of PPD with needle like structure, and 

d) deformation of crystal network. 

             In selecting the proper lubricant
27-29

 for a given application, viscosity is an important 

property to consideration.The viscosity of a liquid determines resistance to flow of a fluid. There 

is inverse relation between viscosity and fluidity. As the oil tends to thin out at high temperature 

viscosity inversely varies with temperature.The viscosity index
30-31

 is an indicator of the change 

in viscosity as the temperature is changed. Higher VI
30-31

 reveals lesser change of the viscosity of 

an oil for a given temperature change. Viscosity index improvers (VIIs) or Viscosity Modifiers 

(VMs)
 32, 33 

are used to prevent the rate of change of viscosity with temperature and keep almost 

the same viscosity at all temperatures. Also efficiency of a VM depends on type, structure and 

concentration of the added polymer. 

          Polymers having long chain, high molecular weight are generally used as VM.
34

 

Performance of the VII depends on its behavior in the lube oil such as its solubility, resistance to 

shear degradation
35

 etc. 

In cold oil the polymer molecules remain as coiled form so that their influence on viscosity is 

minimized.  In hot oil, the polymer molecules tend to straighten out, so the interaction between 
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these molecules and the oil provide a proportionally greater thickening effect. 

           The results of the investigation
36

 of Michael J. Covitch et al. relating measurement of 

polymer coil sizes of VMs by both intrinsic viscosity and Small Angle Neutron Scattering 

(SANS) showed that it is not coil size growth with temperature is essential mechanism to explain 

elevation of viscosity index rather the polymers which grow with temperature have more VI 

contributions than those other. 

             Polymers having high molecular weight are used as lube oil additives in mainly three 

applications: viscosity index improvers, pour point depressants, and polymeric dispersants. 

Viscosity index improvers along with polymeric dispersants, make possible to design of high 

quality multigrade oils. Viscosity index improvers are oil-soluble polymers with molecular 

weights range from 8,000 to over 1,000,000. 

            The noticeable function of the viscosity index improver is to improve the temperature-

viscosity relationship of the finished oil. The polymer molecule in solution exists as a polymer 

coil which is swollen by the hydrocarbon solvent. The degree of swelling or voluminosity of this 

coil determines the degree to which the polymer increases viscosity. 

           In addition to viscosity index, thickening power and pour point the shear stability is a vital 

property in determining the performance of a polymer. When a polymer added oil is subjected to 

high shear rates under conditions of turbulent flow, polymer backbone may be physically 

cleaved. 

            The shear stability of a polymer, its ability to resist such cleavage, is measured by 

subjecting the oil solution to cavitation in an ultrasonic generator. The result of polymer cleavage 

is a loss in viscosity. While it is economically attractive to use high molecular weight polymers 

because of their high thickening power and viscosity index their inferior shear stability results in 
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a rapid loss of viscosity in service. It is therefore necessary to get an optimal relation between 

viscosity index improving qualities and viscosity loss. It is often stated from the practical 

viewpoint of polymer design and lubricating oil formulation that the critical factor that controls 

shear stability is the average molecular weight of the particular class of polymers used.  

              So, Shear stability of the VM is one of the significant criteria that determine its 

suitability in a lubricant formulation. The shear stability of the additive provide a strong 

influence on multigrade engine oil‘s to perform as viscosity modifier under shearing conditions, 

experienced by the lubricant while in use. The loss of viscosity of a lubricant under shear can be 

oftwo kinds, namely  temporary viscosity loss (TVL) and  permanent viscosity loss (PVL).The 

PVL occurs due to mechanical degradation of polymer molecules, and can be determined using a 

standard shearing test such as Disel Injector Shear stability Test (DISST)  as per ASTM D-3945 

method. The PVL values are more frequently expressed in terms of permanent shear stability 

index (PSSI). The equations are as follows: 

PVL = (Vi – Vs)/Vi × 100 

PSSI = (Vi – Vs/ Vi – V0) × 100 

Where V refers to kinematic viscosity (KV), V0 = KV of the solvent before addition of polymer, 

Vi= Initial KV of the solvent with polymer, Vs = KV of the solvent after shearing. 

Thus only a few investigations have been so far carried out on the properties of lubricant 

compositional parameters such as polymer concentration, polymer type, base oil viscosity etc. on 

the shear stability performance of multigrade lubricants.  

          Thus, as a part of continuing studies on mechanical and thermo-oxidative degradation of 

viscisity modifier, further studies were taken-up in this area considering possible generalisations 

on the effects of various parameters on shear stability performance of multigrade lubricants.   
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           The observation of the previous researchers in accordance with the present line of 

investigation regarding PPD, VM and shear stability is being presented, in a selective manner, in 

the following paragraphs. 

           It was well accepted that the polymers having longer alkyl chains effectively depress the 

pour point of the oil with high temperature whereas the polymers having shorter alkyl chainare 

more effective on the low temperature oils.  

           Gavlinet al.
37 

studied some acrylates and methacrylates for their PPD properties. They 

selected dodecyl poly (methacrylate) for early work because it was the first acrylate based 

polymer observed by the authors act as active pour point depressant. Borthakur et al.
22 

synthesized many alkyl fumarate-vinyl acetate copolymers and the efficiency of these 

copolymers as PPD was experimented on indian crude oils. 

Some esterified copolymers with different fractions of maleic anhydride and α-olefin (the 

average carbon number is 18), called as EsMAOC polymers were synthesized by Liao et 

al.
18,38,39

 and their PPD ability was tested in crude oil. 

           Abdel Azim et al.
26

 compared the pour point depressingability of twenty polymeric 

additives synthesized from different fractions of styrene with different acrylate ester. T. T. 

Khidr
40

 synthesized four esterified α-olefin maleic anhydide copolymers made from 1-octene or 

1-tetradecene and maleic anhydride and esterified with dodecyl or NAFOL 1822B alcohol. The 

PPD efficiency of the copolymers in crude oil was tested and found that the alkyl chains of the 

prepared copolymers are an essential factor for a profound interaction of the additives with the 

crude oil. In other work,
41

 five copolymers were prepared from cinnamoyloxy ethyl methacrylate 

and octadecyl acrylate with alteration of molar concentration of the monomers and their PPD 

efficacy and rheological properties for two different waxy crude oils were studied with different 



18 
 

concentrations of the prepared additives. In a related work
42,

 some terpolymers were synthesized 

from, octadecyl, hexadecyl ordocosanyl acrylate and maleic anhydride using varied compositions 

of the alkyl acrylates and their PPD efficacy was tested. 

T. T.Khidr
43

 prepared some terpolymeric and copolymeric additives of acrylates having different 

alkyl chain length with maleic anhydride. The prepared polymers were studied and found that 

they can perform both as PPD and wax dispersants for paraffinic oils. In 1949, W. L. Van Horne 

observed that poly (methacrylates) can effectively act both as PPD and VM
44

.  In related work 

Ghosh et al.
45 

prepared homopolymer of methyl methacrylate and its copolymer with styrene and 

then the PPD property of the homo and copolymers were tested, compared and discussed. 

               S. Port et al. studied the polymers and copolymers of vinyl esters having long chain 

fatty acids such as polyvinyl caprylate, polyvinyl palmitate and copolymers of vinyl acetate with 

vinyl palmitate and found that they are active viscosity index improvers for lubricating oils. Also 

the effect is enhanced by the increasing
46

 of the solubility and concentration of the polymer in 

lube oil. In the experiment of Yorulmaz
31 

the effect of size of the alkyl group, degree of 

alkylation, and molecular weight of different alkylated polystyrenes on its VI improving power 

were studied. Bataille et al. studied on synthesis and characterization of VI improver for 

naphthenic and paraffinic base oils.
47

 Fernanda M. B. et al. performed a relative study between 

ethylene-propylene copolymers and hydrogenated styrene-diene copolymers to test their 

application as VI improvers in multigrade engine oils.
48

 Pourhossaini et al. prepared copolymers 

olefin copolymer which was found to be a good viscosity modifier at low concentration in motor 

oil formulation
49

. Nassar et al.
50

 studied the efficiency as viscosity modifier of some acrylate 

based polymeric additives synthesized by copolymerization of different acrylates (decyl, 1-

dodecyl, 1-tetradecyl, and hexadecyl) with different moles of styrene. They observed the VM 
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property increases as the molecular weight of the prepared copolymers increases.N. S. Ahmed 

synthesized polymers of different dialkylmaleates with two different monomers (vinyl acetate 

and styrene). The efficiency of the prepared polymers as viscosity index improver was studied 

and observed that it increases with increasing chain length and molecular weight of the polymers 

and as wellas with increasing the concentration of the polymers in base oil.
51

 

              Ahmed et al. synthesized some copolymers of different acrylates with vinyl acetate and 

maleic anhydride and studied the effect of molecular weight, alkyl chain length and 

concentration on viscosity index and pour point of the polymers.
52 

In a related work, four 

copolymers were prepared from styrene, vinyl acetate and n-butyl acrylate monomers. TheVM 

property and PPD efficiency were tested using two Mexican crude oils.
53

  Polymers of myristyl 

acrylate were prepared by two different methods viz. microwave assisted method and thermal 

method and their performances as PPD and VM were evaluated and compared.
54

 Ghosh et al. 

studied on performance evaluation of homopolymer of methyl methacrylate and its copolymer 

with styrene and 1-decene as PPD and VM.
55

 In another experiment, some terpolymers were 

prepared using tetradecyl and hexadecyl acrylate with styrene and vinyl pyrrolidone. The PPD 

and VM properties of the terpolymers were studied and compared.
56

 

In addition to PPD and VI properties shear stability of polymer also be studied. 

Ghosh et al.
57

 investigated the degradation stability towards mechanical shearing (shear stability) 

of poly (methyl methacrylate) (PMMA) and its copolymer with styrene at different level of 

concentrations. 

          Curt lindhe
58

 investigated the impact of Viscosity index improver having high molecular 

weight on shear stability usuing poly methylmethacrylate polymer and observed that inferior 

shear stability of high molecular weight polymer results in a rapid loss of viscosity in service. 



20 
 

         B. Jiang et al.
59 

also studied on Shear Thickening in Dilute Polymer Solutions and its 

molecular weight dependency. 

K. Mackenzie et al. indicated the Relationships between molecular geometry and the effects in 

his work.
60

 

             The shear stability of three types of polymers, namely polymethacrylate (PMA), olefin 

copolymer (OCP) and hydrogenated styrene-isoprene copolymer (SIP) ,generally used as VMs in 

lubricants, has been investigated by Ghosh et al.
61

 Studies were briefly extended towards an 

understanding of the relationship between thickening ability of the polymers and their shear 

stability. 

B. J. Hardy et al.
62

 also studied the correlation between viscosity building of polymer and its 

shear stability. 

             There has been a significant patent activity related with pour point depressants, viscosity 

modifiers and shear stability which comprise acrylate and olefinic compositions. Some of them 

are included in the review work. 

            U.S. Patent No. 5834408 discloses preparation and evaluation of acrylate based 

copolymers as aPPD in lube oil compositions.  U. S. Patent No. 4906702 A discloses the ester 

polymer of unsaturated carboxylic acid of acrylic and methacrylic acid act as PPD for lube oil. 

U. S. Patent No. 3598737 A describes lubricant compositions containing oil soluble copolymers 

of alkyl esters of monocarboxylic acid selected from the group consisting of methacrylic acid, 

acrylic acid and mixtures thereof which are said to improve various characteristics including 

pour point.  

            U. S. Patent No. 2655479 A of Munday et al. is describes to a PPD consisting of equal 

proportions of a copolymer of decyl acrylate and an acrylic acid ester of a mixture of alcohols 
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derived from coconut oil and having an average side chain length of about 13.5 carbon atoms.U. 

S. Patent No. 3598736 A discloses the addition of small amounts of oil soluble copolymers of 

poly (methacrylates) (wherein the alkyl side chain contains 10 to 20 carbon atoms with an 

average between 13.8 and 14.8 carbon atoms) to lubricating oils to improve the pour point 

property.  

            U. S. Patent No. 4867894 A discloses that copolymers of alkyl methacrylates containing 

16 to 30 carbon atoms, having linear alkyl group and an average molecular weight from 50,000 

to 500,000 showed PPD properties of petroleum oil. Patent No. CA 2059825 C describes PPD 

for lubricating oils comprising an olefin copolymer which contains alkyl side chains having 8, 12 

and 14 carbon atoms.Patent No. EP 0498549 A1 claims PPD for lubricating oils derived from α-

olefin copolymers which contain alkyl side chains having 8, 12 and 14 carbon atoms. The three 

α-olefin monomers used are decene, tetradecene and hexadecene and the molecular weight of the 

copolymer is from 150,000 to 540,000.U. S. Patent No. 5188724 A contains similar disclosure 

comprising an olefin terpolymer prepared by the polymerization of three monomers selected 

from the group consisting of C10, C14, and C16 olefin hydrocarbons. These PPD additives 

contain alkyl side chains of average chain length 10.5 to 12.0. 

                U. S. Patent No. 3607749 discloses poly (alkyl methacrylates) preferably of molecular 

weight above 100,000 and more preferably above 350,000 as viscosity index improvers.U.S. 

Patent No. WO2012076676 A1 describes a viscosity index improver comprising a poly (alkyl 

methacrylate) polymer which contains 10 to 15 carbon atoms in the alkyl residue.U. S. Patent 

No. 5151204 A describes lubricating oil composition comprising ethylene-α-olefin polymer 

which exhibits improved viscosity index. The alkyl group of the α-olefin contains 1 to 18 carbon 

atoms and the polymer has a number average molecular weight from above 20,000 to about 
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500,000 and an average of at least about 30 % of the polymer chains contained terminal 

ethylidene unsaturation. 

           U. S. Patent No. 4194057 A describes viscosity index improver additive composition 

containing a vinyl aromatic/conjugated diene polymer of specific structure and composition as 

one component and an ethylene/C3-C18 α-olefin copolymer of specific composition and 

viscosity as a second component. Preferably, the composition also contains a polybutene of 

defined molecular weight. 

           U. S. Patent No. 4073738 A has claimed the use of alkyl acrylate or alkyl methacrylate as 

a pour point depressant in lube oil and a viscosity index improver comprising a special 

selectively hydrogenated copolymer of styrene and a conjugated diene.U. S. Patent No. 3897353 

A discloses lubricating oil compositions comprising a viscosity index improver of ethylene-

propylene copolymer and a pour point depressant of alkyl methacrylate.U. S. Patent No. 

4956111 A describes the use of poly (methacrylate) polymer having an average alkyl group 

chain length from 12.6 to 13.8 with molecular weight 10,000 to 300,000 for the polymer  which 

can reduce the pour point to -35
0
C and is compatible with other additives e.g. VM and 

detergents. 

          U. S. Patent No. 4088589 A discloses a lubricating oil composition containing a viscosity 

index improving amount of an oil soluble copolymer of ethylene and C3-C18 higher α-olefins.. 

U. S. Patent No. 6753381 B2 claims synthesis of olefinic polymer blends containing ethylene-

propylene copolymer and their application as viscosity index improver with better low 

temperature property. The molecular weight of the polymer blends falls within 20,000 to 3, 

00,000. U. S. Patent No. 4032459 also discloses lubricating composition containing 

hydrogenated copolymers of butadiene and isoprene with PPD and VM properties, the average 
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molecular weight being between about 40,000 to 225,000.Patent No. 5356551 claims the 

synthesis of lubricating oil multifunctional viscosity index improver-dispersant additive 

exhibiting improved low temperature viscometric properties. The additive is an oil soluble 

ethylene copolymer with at least one C3-C28 α-olefin monomer, having a number average 

molecule weight from about 5,000 to 500,000 grafted with ethylenically unsaturated carboxylic 

acid material having 1 or 2 acid moieties or anhydride moiety such as succinic acid or anhydride. 

             U. S. Patent No. 4517104 A describes about oil soluble viscosity index improving 

ethylene copolymers, such as copolymers of ethylene and propylene and ethylene, propylene and 

diolefin etc. U. S. Patent No. 4668412 claims the synthesis of a dispersant VM and PPD of a 

terpolymer of maleic anhydride, lauryl methacrylate and stearyl methacrylate which has been 

formulated with dimethyl amino propyl amine and mannich base of amino ethyl pyparazine, 

paraformaldehyde and 2, 6-ditertiarybutyl phenol. 

Above literature clearly shows that people have used acrylate, methacrylate or olefin polymers as 

a PPD or VM and studied their shear stability. Reports are not adequate regarding their 

multifunctional performance and shear stability. Thus, it was felt necessary to develop shear 

stable multifunctional additives for the lube oils which will reduce the cost and may take care 

about the fuel economy. Keeping this view in mind, the present investigation carried on 

synthesizing homopolymers and copolymers of acrylates of different alcohols and evaluating 

their effectiveness as shear stable PPD and VM to achieve multifunctional performance. The 

homopolymers used are poly (decyl acrylate), poly (dodecyl acrylate), poly (myristyl acrylate) 

poly (isodecyl acrylate) and poly (isooctyl acrylate). The monomer unit used for synthesizing 

copolymers is 1-decene, styrene. Characterization of the prepared polymers was done by spectral 

(FT-IR, 1H-NMR and 13C-NMR), thermogravimetric, gelpermeation chromatography and 
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viscometric method. Considering the present need and the emphasis as given by the OEMs, the 

result of the present investigation would definitely develop some efficient shear stable 

multifunctional additives having both PPD and VM properties for lube oils. 

References 

     References are given in Bibliography under Chapter-I of Part-I (Page No 175-182). 

 

 

 

 

 

 

 

 

 

 

 

 



25 
 

 

CHAPTER-II 
 

Synthesis, characterization and performance 

evaluation of acrylate based multifunctional 

lube oil additives 

 

SECTION A- Shear stability and viscosity index improver 

properties of dodecyl acrylate and its copolymer with 

styrene and 1-decene 

 

 

SECTION B- Shear stability and viscosity index improver 

properties of decyl acrylate and its copolymer with styrene 

and 1-decene 

 

 

 



26 
 

SECTION A- Shear stability and viscosity index improver properties of 

dodecyl acrylate and its copolymer with styrene and 1-decene 

 

1.1.1. Introduction    
 

 Polymers having high  molecular weight  are used  as lubricating oil additives in various 

applications, such as pour point depression,
1,2 

viscosity index modifiers,
2,3

 detergents and  

dispersants
4 

etc. In addition to viscosity index improver characteristics and thickening power, the 

shear stability also play a critical role in determining the performance of a polymeric additive for 

their field application. When lube oil with additives is subjected to high shear rates under 

condition of turbulent flow, polymer backbone may be physically cleaved. The result of polymer 

cleavage is always connected with a loss in viscosity. While it is economically attractive to use 

high molecular weight polymers because of their high thickening power, their inferior shear 

stability results in a rapid loss of viscosity in service. It is therefore necessary to get an optimal 

relation between viscosity index improving quality and shear stability. 

 The viscosity loss of a lubricant under shear can be of two types, namely a temporary 

viscosity loss (TVL) and a permanent viscosity loss (PVL). The PVL values are more frequently 

expressed in term of permanent shear stability index (PSSI)
5 

using the equations, 

                                     PVL = {(KVi-KVS)/KVi} × 100   

                                     PSSI = {(KVi-KVS)/ (KVi-KV0)} × 100    

Where ‗KV‘ refers to kinematic viscosity (KV), KV0 is the KV of the pure solvent at 100
o
C, KVi 

is the initial KV of the solvent at 100
o
C with polymer before shearing and KVS is the KV of the 

solution at 100
o
C after shearing. 
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1.1.2. Experiments 

1.1.2.1. Materials  

Acrylic acid (GC Purity 99%) obtained from Thomas Baker, India. Dodecyl alcohol (GC Purity 

98%) obtained from S.D.Fine chemicals Ltd. India. Styrene and 1-Decene (GC Purity 96%) 

obtained from Merck products, Germany and Hydroquinone obtained from S.D. Fine chemical 

Ltd., India. Benzoyl peroxide (GC Purity 98%) obtained from LOBA chemicals Pvt. Ltd., India, 

was purified by crystallization from methanol-chloroform mixture.Toluene (GC Purity 99.5%) 

obtained from merck, India, was used as a solvent.Base oil (Table 1.1) collected from IOCL, 

Dhakuria, Kolkata. 

1.1.2.2. Preparation of monomer (dodecyl acrylate) 

  The monomer dodecyl acrylate was prepared by reacting acrylic acid with dodecyl 

alcohol (1.1:1 molar ratio). The reaction was carried out in a three necked round bottom flask in 

the presence of concentrated sulphuric acid as a catalyst, 0.25% hydroquinone as polymerization 

inhibitor for acrylic acid, and toluene as a solvent under continuous air bubling. The reactants, 

which were mixed with toluene, was continuously refluxed and heated gradually from room 

temperature to 130 
o
C using a well-controlled thermostat. The extent of reaction was followed by 

monitoring the amount of liberated water in dean stark apparatus to give the ester, dodecyl 

acrylate. 

 

 

Scheme 1.1: Preparation of dodecyl acrylate (DDA) 
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1.1.2.3. Purification of prepared ester 

Then the prepared acrylate ester was purified. A charcoal of suitable amount was added 

to the ester, allowed to reflux for 3 h, and then filtered off. The filtrate was washed with 0.5N 

sodium hydroxide in a separating funnel and then shaken well. The entire process was repeated 

several times to ensure complete removal of unreacted acid. The purified ester was then washed 

several times with distil water to remove any traces of sodium hydroxide; The ester was then left 

over night on calcium chloride and was then removed by distillation under reduced pressure and 

was used in the polymerization process.  

 1.1.2.4. Preparation of homo polymer of DDA and its copolymer with styrene and 1-decene  

 General procedure: The polymerisation
6
 of the desired mass of the monomer (DDA for 

homo polymer) or monomer mixture (DDA- styrene and DDA-1-decene for copolymer
7
) was 

carried out in toluene in a three necked round bottom flask equipped with a stirrer, condenser and 

thermometer. Calculated amount of initiator benzoyl peroxide was placed in the flask and the 

reaction temperature was maintained at 353K for 5h.  

 

Scheme 1.2: Preparation of poly (dodecyl acrylate) 

 

Scheme 1.3: Preparation of copolymer of dodecyl acrylate with styrene 
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Scheme 1.4: Preparation of copolymer of dodecyl acrylate with 1-decene 

1.1.2.5. Purification of polymer 

  At the end of the reaction time, the reaction mixture was poured into methanol with 

stirring to terminate the polymerization and to get them precipitated. The precipitated polymer 

was further purified by repeated precipitation of its hexane solution by methanol followed by 

drying under vacuum at 313K.  

1.1.3. Measurements 

1.1.3.1.Spectroscopic measurement:  

           To record IR spectra of the samples Shimadzu FT-IR 8300 spectrophotometer was used 

using KBr cells (0.1 mm) at room temperature. 
1
H and 

13
C NMR spectra were recorded in the 

solvent CDCl3 in a 300 MHz Brucker Avance FT-NMR spectrometer using 5 mm BBO probe. 

Tetramethylsilane (TMS) was used as the reference material. 

 1.1.3.2. Determination of intrinsic viscosity and viscometric Molecular weight of the 

polymers 

 Intrinsic viscosity and viscometric molecular weight (Table 1.2) were determined by 

using the experimental viscosity of the polymer solutions in Huggins (eq.1) and Mark Houwink 

– Sukurda equation (eq.2) respectively.
8
 

Huggins (H)                  Ck
C hhh

sp 2



                             (1)       
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       Where, C is mass concentration, sp = r –1,sp    is the specific viscosity ,r t/t0,  r is 

the relative viscosity or viscosity ratio (where t is time of flow of solution and t0 is time of flow 

of pure solvent). 

hintrinsic viscosity, respective to Huggins equation, kh is the Huggins coefficient.   

According to Mark Houwink – Sukurda (eq. 2), the value of intrinsic viscosity changes with the 

molecular weight of the polymer in a solvent as: 

KM 
a
                                                 (2) 

Where, [], the intrinsic viscosity, can be calculate by using Huggins equation, parameter ‗K‘ 

and ‗a‘ depends on the type of polymer, solvent and temperature. To determine the viscosity 

average molecular weight, the constants K = 0.00387 dl/g and a = 0.725 were employed in Mark 

Houwink – Sukurda relation. 

1.1.3.3. Shear stability determination   

 Shear stability was determined of various concentrated solution of pure DDA polymer, 

DDA + styrene (95:5, w/w) and DDA+decene (95:5, w/w) in lube oil. Tests were conducted as 

per ASTM D- 3945 method.  

1.1.3.4. Viscosity index determination 

Kinematic viscosity (ν) of DDA, DDA+styrene (95:5, w/w) and DDA+1-decene (95:5, 

w/w), was determined separately at 313 K and 373 K by counting the time of flow and density of 

polymer solution in base oil and using the following equation.  

             ν= (Kt- L/t) ρ                                               (1) 

Where, K and L are the viscometer constants and t and ρ are time flow and density of solution 

respectively. 
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The densities were measured by a vibrating-tube density meter (Anton paar, DMA 

4500M). Before the measurements, density meter was calibrated with distilled and degassed 

water and dry air at experimental temperature and atmospheric pressure. VI was determined from 

the following empirical equation. 

VI = 3.63 (60 - 10
n
)                                                       (2) 

Where n is given by, 

n = (lnν1- lnk)/lnν2                                                                                      (3) 

ν1 is the kinematic viscosity (cSt) at lower temperature, ν2 is the kinematic viscosity (cSt) at 

higher temperature, k is a function of temperature only and is equal to 2.714 for the temperature 

range performed and n is a constant characteristic for each base oil. 

Viscometric properties of the prepared samples were measured using an Ubbelohde OB 

viscometer, carefully cleaned, dried and calibrated at the experimental temperatures (313K and 

373K) with triply distilled, degassed water, and purified methanol. Then it was filled with 

experimental samples and placed vertically in a glass sided thermostat. After attainment thermal 

equilibrium, the time flow of sample was recorded with a digital stopwatch. An average of three 

measurements was taken into account in all determinations and precautions were taken to 

minimize the loss due to evaporation. To study the effect of polymer concentration on VI 

different concentrations ranging between 1 wt % to 5 wt% were used. 

 

1.1.4. Results and Discussion  

 

1.1.4.1. Spectroscopic analysis 

FT-IR spectra (Figure 1.1) of poly (dodecylacrylate) or homopolymer of dodecyl 

acrylate (HDDA) exhibited absorption at 1736.04 cm
–1 

due to ester carbonyl stretching vibration 

along with other peaks appeared at 1458.30, 1373, 1168.68 cm
−1

 (C-O stretching vibration), and 
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1068.50, 980.03 721.03 cm
–1 

(bending vibration of C–H bonds). The broad peak ranging from 

2857.14 to 2924.73 cm
−1

 was due to the presence of stretching vibration (C–H bonds).
  

 
1
H-NMR spectra (Figure 1.2) of the homopolymer indicated the existence of –OCH2 

group at 4.016 ppm (broad singlet) along with the methyl protons ranging between 0.85 and 0.89 

ppm together with methylene protons ranging between 1.26 and 1.60ppm.The proton decoupled 

13
C-NMR of the sample (Figure 1.3) was in complete agreement with the homopolymer. 

The existence of the copolymer dodecyl acrylate with styrene was confirmed by FT-IR 

and NMR analysis. The copolymer in its IR spectrum (Figure 1.4) showed peak at 1739.61 cm
-1 

for the ester carbonyl along with other peaks at 2924.0, 2857.14 cm
–1 

(stretching vibration of C–

H bonds), at 1465.94, 1255.29, 1167.79 cm
–1

 (C-O stretching vibration) and 1068.50, 758.83, 

701.17 cm
–1

(bending vibration of C–H bonds). 

In the 
1
H NMR (Figure 1.5) spectra of one of the respective DDA+styrene copolymers, a 

broad multiplate centered at 8.08 ppm indicated the presence of a phenyl group. A broad singlet 

at 4.06 ppm was arise due to the proton of the –OCH2 group. The absence of singlet peaks 

between 5 and 6 ppm directed the absence of vinylic protons in the copolymer. 

The proton decoupled 
13

C NMR spectrum (Figure 1.6) of the above sample of copolymer was in 

complete agreement with the formation of copolymer. 

The existence of the copolymer of dodecyl acrylate with 1-decene was confirmed by the 

analysis of FT-IR, 
1
H-NMR, and 

13
C-NMR spectra of the copolymer. FT-IR spectra of the 

copolymer (Figure 1.7) showed sharp peak at 1732.9 cm
–1

 for the ester carbonyl along with 

other peaks at 2923.9, 2853.5cm
–1

(stretching vibration of C–H bonds), and 1463.9 cm
–1

 and a 

band at 1162.0 cm
–1

 (C-O stretching vibration). 
1
H-NMR spectra of the copolymer (Figure 1.8) 

showed broad singlet at 4.017 ppm due to –OCH2 protons. The absence of singlet between 5 and 
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6 ppm indicated the absence of sp
2
 protons in the copolymer. 

13
C-NMR spectrum (Figure 1.9) of 

the above sample showed the presence of ester carbonyl at 173 ppm. 

1.1.4.2. VII and shear stability analysis 

 The study  indicated that the VII properties of the homo DDA (Table 1.6)  polymer is 

better than its styrene(Table 1.7)  copolymer which in turn superior than DDA+ 1- decene 

(Table 1.8) copolymer (Figure 1.12). The prediction is  direct reflection of the M.W values  of 

the polymers as shown in  Table 1.2, greater the molecular weight of the polymer greater is the 

hydrodynamic volume and lower moleculer association of the  polymer  and more efficient  the 

polymer as a VI improver.
6
  

  Data also showed that PVL, PSSI are greater for homo polymer DDA (Table 1.3) than its 

styrene (Table 1.4) and decene (Table 1.5) copolymer, indicated less shear stability of DDA 

homo polymer than both its styrene and decene copolymer and there is gradually increase in 

PSSI values with increase in concentration for all above mentioned polymer (Figure 1.10 and 

Figure 1.11) indicated loss of shear stability with increase of concentration of polymer in the 

base oil used for the study.  

 These may be explained
10

 on the basis of molecular weight of the polymer. The higher 

mol. wt. and narrow mol. weight distribution can provide relatively a higher molecular mass, 

lower moleculer assotiation
11

 to undergo degradation,
12

 hereby increases the PSSI values and 

hence losses the shear stability.  

  The intrinsic viscosity data (Table 1.2) also indicated higher molecular size for the 

homopolymer compared to copolymer. This phenomenon is expected to play a significant role in 

determining the shear stability of the polymer. 
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 The study also indicated that there is no correlation of thickening properties among the 

homo (Table 1.9) and copolymers (Table 1.10, 1.11) as well as among the different 

concentration of same polymer (Figure 1.13 and Figure 1.14). This trend in thickening 

properties of the polymer is in concordance with the result of our earlier observations about 

thickening property.
12  

1.1.5. Conclusion 

1. VI properties of the homo DDA polymer is better than its styrene copolymer which in turn 

superior than DDA+ 1-decene copolymer. 

2.  Shear stability of the homo polymer is always less than its styrene and decene copolymer.  

3.  Irrespective of the nature of the polymers (homo and copolymer) there is a gradual decrease 

in shear stability with the increase in concentration of polymers in the base oil used for the study.  

4.  Correlation of thickening properties among the homo and copolymers as well as among the 

different concentration of same polymer in base oil can not be concluded. 

1.1.6. References 

References are given in Bibliography under Chapter-II of Part-I (Page No. 182-183). 
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Table 1.1.  Base oil properties 

 

 

 

 

Table 1.2. [ n ]h
a

  and  [ Mh ]
b
 of polymers 

sample [ n ]h
a 

[ Mh ]
b 

DDA 4.059 14,672 

DDA + styrene 2.621 8,026 

DDA+1-decene 2.231 6,878 
a
 Intrinsic Viscosity in cSt, 

b
 viscometric Molecular weight of polymers 

 

 

 

Table 1.3. PVL
c
 and PSSI

d
 from KV

e
 of DDA at 100 

o
C  in  base oil 

solution 

(wt.%) 

KV0
1 

KVi
2 

KVs
3 

PVL
c 

PSSI
d 

1% 3.685 3.913 3.894 0.500 8.58 

2% 3.685 4.101 4.057 1.067 10.532 

3% 3.685 4.253 4.179 1.723 12.912 

4% 3.685 4.398 4.301 2.212 13.647 

5% 3.685 4.502 4.387 2.538 13.997 
c
Permanent viscosity loss, 

d
permanent shear stability index, 

e
Kinematic viscosity in cSt. 

1
Kinematic viscosity of the base oil before addition of polymer at 100 

o
C, 

2
initial Kinematic viscosity of 

the solvent with polymer before shearing at 100 
o
C,

 3
Kinematic viscosity of the solvent with polymer after 

shearing at 100 
o
C 

 

Table 1.4. PVL
c
 and PSSI

d
 from KV

e
 at 100 

o
C of DDA+styrene (95:5, w/w) in base oil 

solution 

(wt.%) 

KVo
1 

KVi
2 

KVs
3 

PVL
c 

PSSI
d 

  

1% 3.685 3.852 3.841 0.267 6.184 

2% 3.685 3.970 3.943 0.662 9.239 

3% 3.685 4.184 4.127 1.366 11.464 

4% 3.685 4.261 4.191 1.656 12.249 

5% 3.685 4.501 4.387 2.536 13.990 

 

Property  Value 

Density (g.cm
-3

) at 40 
o
C 0.868 

Viscosity at 40 
o
C in cSt 22.879 

Viscosity at 100 
o
C in cSt 3.685 

Viscosity index 61.34 

Cloud Point,
o
C -8 

Pour Point,
o
C -6 
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Table 1.5.  PVL
c
 and PSSI

d
 from KV

e
 at 100

o
C of DDA+decene (95:5, w/w) in base oil 

solution 

(wt.%) 

KVo
1 

KVi
2 

KVs
3 

PVL
c 

PSSI
d 

1% 3.685 3.844 3.835 0.236 5.732 

2% 3.685 3.916 3.896 0.508 8.620 

3% 3.685 4.103 4.060 1.057 10.384 

4% 3.685 4.202 4.141 1.465 11.909 

5% 3.685 4.451 4.356 2.132 12.394 

 

                             Table 1.6. VI
f
 of dodecyl acrylate (DDA) polymer in base oil 

Solution 

(wt.%) 

KVP
4
 KVi

2
 VI

f 

1% 23.372 3.913 80.443 

2% 23.978 4.101 90.848 

3% 24.272 4.253 99.413 

4% 24.695 4.398 105.431 

5% 24.901 4.502 109.880 
f
Viscosity index,

4
Kinematic viscosity of the solvent with polymer at 40 

o
C. 

 

Table 1.7. VI
f
 of DDA+styrene (95:5, w/w) polymer in base oil 

Solution 

(wt.%) 

KVP
4
 KVi

2
 VI

f 

1% 23.032 3.852 77.978 

2% 23.525 3.970 84.076 

3% 24.255 4.184 94.764 

4% 24.311 4.261 99.692 

5% 24.899 4.501 109.877 

 

Table 1.8. VI
f
 of DDA+decene (95:5) polymer in  base oil 

solution 

(wt.%) 

KVP
4
 KVi

2
 VI

f 

1% 23.018 3.844 77.353 

2% 23.375 3.916 80.656 

3% 24.156 4.103 89.473 

4% 24.297 4.202 95.736 

5% 24.796 4.451 107.775 
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Table 1.9.  THK
g
  of dodecyl acrylate (DDA) polymer in base oil 

solution 

(wt.%) 

KVb
5 

KVo
1
 KVP

4
 KVi

2
 THK

g 

(40 
o
C) 

THK
g 

(100 
o
C) 

1% 22.879 3.685 23.372 3.913 0.493 0.228 

2% 22.879 3.685 23.978 4.101 0.549 0.207 

3% 22.879 3.685 24.272 4.253 0.464 0.189 

4% 22.879 3.685 24.695 4.398 0.454 0.178 

5% 22.879 3.685 24.901 4.502 0.404 0.163 
g
Thickening property,  

5 
Kinematic viscosity of the base oil before addition of polymer at 40 

o
C 

 

 

Table 1.10. THK
g
 of DDA+styrene (95:5, w/w) polymer in base oil 

solution 

(wt.%) 

KVb
5
 KVo

1
 KVP

4
 KVi

2
 THK

g 

(40 
o
C) 

THK
g 

(100 
o
C) 

1% 22.879 3.685 23.032 3.852 0.153 0.166 

2% 22.879 3.685 23.525 3.970 0.323 0.142 

3% 22.879 3.685 24.255 4.184 0.458 0.166 

4% 22.879 3.685 24.311 4.261 0.358 0.144 

5% 22.879 3.685 24.899 4.501 0.404 0.163 

 

 

Table 1.11. THK
g
 of DDA+decene (95:5, w/w) polymer in base oil 

solution 

(wt.%) 

KVb
5
 KVo

1
 KVP

4
 KVi

2
 THK

g 

(40 
o
C) 

THK
g 

(100 
o
C) 

1% 22.879 3.685 23.018 3.844 0.139 0.158 

2% 22.879 3.685 23.375 3.916 0.248 0.115 

3% 22.879 3.685 24.156 4.103 0.425 0.139 

4% 22.879 3.685 24.297 4.202 0.354 0.129 

5% 22.879 3.685 24.796 4.451 0.383 0.153 
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Figure 1.1. FT-IR spectra of poly (dodecyl acrylate) 

 

 

Figure 1.2. 
1
H-NMR spectra of poly (dodecyl acrylate) 
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Figure 1.3. 
13

C-NMR spectra of poly (dodecyl acrylate) 
 

 
 

Figure 1.4. FT-IR spectra of a representative copolymer of dodecyl acrylate with styrene 
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Figure 1.5. 
1
H-NMR spectra of a representative copolymer of dodecyl acrylate with styrene 

 

 

Figure1.6. 
13

C-NMR spectra of a representative copolymer of dodecyl acrylate with styrene 
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Figure 1.7. FT-IR spectra of a representative copolymer of dodecyl acrylate with 1-decene 

 

Figure 1.8. 
1
H-NMR spectra of a representative copolymer of dodecyl acrylate with 1-

decene 
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Figure 1.9. 
13

C-NMR spectra of a representative copolymer of dodecyl acrylate with 1-

decene 
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Series1—Homo polymer of DDA, Series2—Copolymer of DDA+styrene (95:5) 

Series3—Copolymer of DDA+decene (95:5) 

 

Figure 1.10.  Comparison of PVL among DDA, DDA+Styrene (95:5) and 

DDA+decene (95:5) polymer in different concentration (Wt%) in base oil  

 

 

Series1—Homo polymer of DDA, Series2—Copolymer of DDA+styrene (95:5) 

Series3—Copolymer of DDA+decene (95:5) 

 

Figure 1.11.  Comparison of PSSI among DDA, DDA+Styrene (95:5) and 

DDA+decene (95:5) polymer in different concentration (Wt%) in base oil 
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Series1—Homo polymer of DDA, Series2—Copolymer of DDA+styrene (95:5) 

Series3—Copolymer of DDA+decene (95:5) 

Figure 1.12.   Comparison of VI among DDA,  DDA+styrene (95:5) and 

DDA+decene (95:5) polymer in different concentration (Wt%) in base oil 

 

 

Series1—Homo polymer of DDA, Series2—Copolymer of DDA+styrene (95:5) 

Series3—Copolymer of DDA+decene (95:5) 

Figure 1.13.    Comparison of THK at 40
0
C among DDA,  DDA+Styrene (95:5) and 

DDA+decene (95:5)  polymer in different concentration (Wt%) in base oil 
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Series1—Homo polymer of DDA, Series2—Copolymer of DDA+styrene (95:5) 

Series3—Copolymer of DDA+decene (95:5) 

Figure 1.14.  Comparison of THK at 100
0
C among DDA, DDA+Styrene (95:5)   and 

DDA+decene (95:5) polymer in different concentration (Wt%) in base oil 
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SECTION B- Shear stability and viscosity index improver properties of decyl 

acrylate and its copolymer with styrene and 1-decene 

 

1.2.1. Introduction 

The basic building blocks of lubricants are the lubricating oils also called base stocks and are 

generally a mixture of high molecular weight hydrocarbons and an additive package. It reduces 

the friction and wear between two moving surfaces. They offer a protective film which allows 

for two touching surfaces to be kept separated and thus reducing the friction between them. 

Hence, for longer life of the internal combustion engines lubricants are very essential. The base 

stocks are mainly a mixture of paraffinic hydrocarbons (> 85%) of varring chain length including 

Naphthenic and aromatic hydrocarbons in different ratios. At lower temperature the paraffinic 

part of the lubricating oil forms wax crystal network which resists their normal flow properties. 

Again, the viscosity change of the base stocks with the change in temperature, poor 

thermooxidative stability and tribological behavior etc. are the intrinsic problems associated with 

the base oils during its application. Thus, it is quite evident that, natural petroleum based 

lubricants cannot alone satisfy all the necessities of modern engines. Hence several functional 

additives are needed to add to the lube oil to enhance the typical properties already present or to 

impart some new additional properties. The amount of additives varies from > 1% to 30% or 

more
1
. Various types of lube oil additives are viscosity modifier (VM) or viscosity index 

improver (VII),
2
 pour point depressant (PPD),

3
 antioxidant,

4
 anti-wear and extreme pressure 

agent
5,6

 etc. Since multifunctional additives provide more than one of the above performances, 

research all over the world is progressively going on toward producing such kind of additives for 

lube oils. These additives are usually polymeric in nature containing oil soluble long 

hydrocarbon chain as nonpolar portion and smaller hydrophilic polar head groups.  
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           Viscosity index improvers (VII) also termed as viscosity modifier (VM) are long chain, 

high molecular weight polymers used to resist the viscosity change of the oil with temperature by 

increasing the relative viscosity of oil when temperatures
7–9

 is increased. The performance of 

VMs is very often expressed in terms of Viscosity Index (VI)
 10

 which indicates the resistance of 

a lubricant to viscosity change with temperature. The performance of the VII depends on the 

activities of the polymer molecules in the lube oil, where the molecular weight of polymer, 

solubility and resistant to shear degradation are determinant parameters.
11

Shear stability of the 

VM is also one of the vital parameter that decide its suitability in a lubricant formulation. The 

loss of viscosity of a lubricant under shear can be of two kinds, namely a temporary viscosity 

loss (TVL) and a permanent viscosity loss
10, 12 

(PVL). The PVL values are more frequently 

expressed in terms of permanent shear stability index
13

 (PSSI).  

           A thorough study of the literature indicated that scanty investigations have so far been 

done on the effects of lubricant compositional parameters such as polymer type, polymer 

concentration, base oil viscosity, etc. on the additive performance of multigrade lubricants.   

           Keeping these views in mind and as a part of our ongoing studies on the development of 

multifunctional additives for lube oil
14

, studies were undertaken in this area to investigate the VI, 

PPD, AW, shear stabilities, and thickening (THK) properties of the homopolymer of DA (P1) 

and its copolymer with styrene (P2) and 1-decene (P3) when doped in lube oil. The observations 

in each case have been correlated towards arriving at possible generalization on this effect for 

lube oils. 

1.2.2. Experiment 

1.2.2.1. Materials 

      Toluene, hydroquinone and H2SO4 were purchased from Merck Specialities Pvt. Ltd., acrylic 
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acid (stabilized with 0.02% hydroquinone monomethylether), decyl alcohol from Sisco Research 

Laboratories Pvt. Ltd., hexane from SD Fine Chem. Ltd., styrene and 1-decene from Across 

Organics and methanol was purchased from Thomas Baker (Chemicals) Pvt. Ltd. and used 

without further purification. Benzoyl peroxide (BZP), obtained from LOBA chemicals, was 

recrystallised from CHCl3-MeOH mixture before use. Base oils were collected from IOCL, 

Dhakuria, Kolkata,West Bengal, India. 

1.2.2.2. Preparation of monomer (decyl acrylate) 

To prepare decyl acrylate (DA) from acrylic acid and decyl alcohol, esterification reaction was 

carried out in toluene taking H2SO4 as a catalyst and hydroquinone as polymerization inhibitor 

and following the process as reported in the previous chapter (Chapter-II, Page No.27). 

 

Scheme 1.5: Preparation of decyl acrylate (DA) 

1.2.2.3. Purification of prepared ester 

        The prepared esters were purified by the process as mentioned in the previous chapter 

(Chapter-II, Page No. 28). The ester was then used for polymerization process.
18

 

1.2.2.4.   Preparation of homo polymer of DA and its copolymer with styrene and 1 Decene 

Homopolymer of DA (HDA) and copolymer of DA with styrene and 1-decene 

respectively was carried out by the thermal polymerization using toluene solvent and BZP as 

initiator and by following the method as reported in the previous chapter (Chapter-II, Page No. 

28). 
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Scheme 1.6: Preparation of poly (decyl acrylate) 

 

Scheme 1.7: Preparation of copolymer of decyl acrylate with styrene 

 

 

Scheme 1.8: Preparation of copolymer of decyl acrylate with 1-decene 

1.2.3. Measurements 

1.2.3.1.   Spectroscopic measurement  

       To record IR spectra of the samples Shimadzu FT-IR 8300 spectrophotometer was used 

using KBr cells (0.1 mm) at room temperature. 
1
H and 

13
C NMR spectra were recorded in the 

solvent CDCl3 in a 300 MHz Brucker Avance FT-NMR spectrometer using 5 mm BBO probe. 

Tetramethylsilane (TMS) was used as the reference material.  
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1.2.3.2. Determination of intrinsic viscosity and viscometric molecular weight of the 

polymers  

Intrinsic viscosity and viscometric molecular weight (Table 1.12) were determined by using the 

experimental viscosity of the polymer solutions in Huggins and Mark Houwink-Sukurda 

equation respectively.
19

 

1.2.3.3.   TGA determination  

     The thermograms in air were recorded on a Mettler TA-3000 system, at a heating rate of 10 K 

min
–1

. 

1.2.3.4. Pour point determination  

    The pour point of the prepared polymers in base oils was tested according to the ASTM D97-

09 method on a Cloud and Pour Point Tester model WIL-471 (India). 

1.2.3.5. Viscosity index determination  

    Kinematic viscosity (KV) of the polymers was determined separately at 40 ºC and 100 ºC by 

counting the time of flow of polymer solutionin base oil using viscometer apparatus and 

measuring the density of it. According to ASTM D-7042 method and also by using the method 

of viscosity index calculation as reported in literature
7
, the viscosity index of each polymer 

solution was determined. 

1.2.3.6. Shear stability determination  

    Shear stability of the solutions of polymers with varying concentrations was determined in 

lube oil. Tests and calculation were conducted as per ASTM D-3945 and ASTM 6022 method. 

1.2.3.7. Anti-wear (AW) properties  

    The AW properties were evaluated by four ball wear test apparatus (FBWT) according to 

ASTM D 4172-94 method applying weld load, 196 N at 75 ºC for 30 min. The rotating speed of 
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the ring was 1200 rpm. The wear scar diameter, show anti-wear properties of the oils, was 

measured adding polymers at different concentration levels. 

1.2.4. Results and discussion 

1.2.4.1. Spectroscopic analysis 

       FT-IR spectrum (Figure 1.15) of poly (decylacrylate) or homo polymer of decyl acrylate 

(HDA) exhibited absorption at 1732.0 cm
−1

 due to ester carbonyl stretching frequency. Peaks 

from 1456.67 to 1167.22 cm
−1

 can be explained owing to the C–O (ester bond) stretching 

vibration and the absorption bands at 1058.57, 811.06, 722.23 cm
−1

 were due to the bending 

vibration of C–H bonds. The broad peak at 2922.3 cm
−1

 was due to the presence of stretching 

vibration (C–H bonds). In its 
1
H-NMR spectra (Figure 1.16), homo polymer of DA showed a 

multiplet centered at 3.17 ppm due to the proton of –OCH2 group; a broad singlet at 0.73 ppm 

was due to methyl groups of decyl chain. The proton decoupled 
13

C-NMR of the above sample 

(Figure 1.17) was in complete agreement with the homopolymer which shows the presence of 

ester carbonyl group at 170.66 ppm and absence of any sp
2
 carbon in the range 130-150 ppm.            

            The existence of the DA+ styrene copolymer was confirmed by FT-IR and NMR analysis. 

The copolymer in its IR spectrum (Figure 1.18) showed broad peak ranging from 1735 to 1722 

cm
-1

. This was also supported by the stretching vibration of the ester carbonyl group and to C-H 

bond of the phenyl group of styrene. 

In the 
1
H NMR (Figure 1.19) spectra of one of the respective copolymers, a broad multiplate 

centered at 8.06 ppm indicated the presence of a phenyl group. A broad singlet centered at 4.06 

ppm was arised due to the proton of the –OCH2 group. The absence of singlets between 5 and 6 

ppm indicated the absence of vinylic protons in the copolymer. The proton decoupled 
13

C NMR 

spectrum (Figure 1.20) showed the presence of aromatic sp
2
 carbons in the range 121.7 to 133.2 
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ppm and the ester carbonyl carbon at 175.26 ppm which was in complete agreement of above 

polymer. 

The extent of incorporation of styrene in the polymer chain was determined through a 

comparison of area of –OCH2 group at 4.06 ppm in the area of signal due to phenyl protons at 

8.06 ppm based on our earlier paper
14

. 

IR spectrum of the copolymer of decylacrylate with 1-decene (Figure 1.21) exhibited 

absorption near at 1736.07 cm
−1

 for the stretching vibration of ester carbonyl. Peaks at 1250.38 

cm
−1

 and at 1165.05 cm
−1

 were due to the C−O (ester bond) stretching vibration and the 

absorption peaks at 2926.13, 2855.55 and 721.96 cm
−1

 were due to the stretching and bending 

vibration of C−H bonds. The formation of the copolymer was also indicated by the absence of  

peak between 5 ppm and 6 ppm due to sp
2
 hydrogen and that between 130 ppm and 150 ppm due 

to sp
2
 carbon in its 

1
H and 

13
C-NMR (Figure 1.22 and Figure 1.23), respectively. 

1.2.4.2. TGA analysis  

     The analysis (Table 1.12) reveals that the DA homopolymer are thermally less stable than its 

copolymer with styrene which in turn less stable than DA copolymer with 1-decene. 

1.2.4.3. Performance evaluation of the additive doped lube oil as PPD  

      Results (Figure 1.24) indicate that the PPD (pour point depressant) properties of different 

polymer in lube oil increases with increasing concentration of the additive in the solution and at a 

particular concentration it increases from 1-decene to styrene copolymer and to DA 

homopolymer (Figure 1.24) which is evidently due to increasing molecular weight (Table 1.12) 

of the above mentioned polymers. 

1.2.4.4. Performance evaluation of the additive doped lube oil as VII  

       The study (Table 1.13) shows that the VI value for DA polymer is greater than DA+styrene 
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and DA+1-decene copolymer. Thus, the VII (viscosity index improver) properties of the 

homopolymer of DA are better than its DA+styrene and DA+1-decene copolymer. 

1.2.4.5. Evaluation of AW performance of the additive doped lube oil  

     The study (Fgure 1.25) shows that the AW properties in terms of WSD (Wear Scar Diameter) 

in mm for DA+styrene copolymer are always greater than DA+1-decene copolymer as well as 

the homopolymer. This may be because of the presence of aromatic moiety in the copolymer. 

There is always a gradual increase of AW properties with the concentration (up to a certain limit) 

of the additive in the lube oil-polymer blends. 

1.2.4.6. PSSI and PVL analysis  

      Data (Figure 1.26 and Figure 1.27) showed that PSSI and PVL values are greater for homo 

polymer of DA than its styrene and 1-decene copolymer. It indicates less shear stability of DA 

homo polymer than both of its styrene and 1-decene copolymer. It also denotes increase of PSSI 

values with increase in concentration of all above mentioned polymers in base oil which signify 

the gradual loss in shear stability. The prediction is the direct reflection
15

 of the molecular weight 

values of the polymers as shown in Table 1.12. High molecular weight of the polymer results in 

greater hydrodynamic volume. Higher molecular mass and lower molecular association with the 

base oil
16

 increases the VII properties but at the same time these increases PSSI and PVL values 

as well. The intrinsic viscosity data (Table 1.12) also imply the higher molecular size of 

homopolymer than copolymer. This phenomenon is expected to play a significant role in 

determining shear stability of the base oil-polymer blend. 

1.2.4.7. Thickening property analysis  

     The study also indicated that there is no correlation of oil thickening properties (THK) among 

 the homo and copolymers as well as among the different concentrations of the same polymer  
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at 313 K and 373 K (Figure 1.28 and Figure 1.29). The oil thickening properties of the polymer 

are concordance with the result of our earlier observations
17

. 

1.2.5. Conclusions 

i. Thermal stability of the polymer doped base oil decreases with increasing molecular 

weight of the polymer. The data also indicates that the 1-decene copolymer can be used 

safely up to 300 ºC whereas the styrene copolymer may be used upto a temperature 

around 280 ºC, which is always greater than the homopolymer. 

ii. PPD properties of the polymer blended base oil solution increases with increasing 

polymer concentration. 

iii. VI as well as THK properties of the homopolymer doped base oil are better than its 

styrene copolymer which in turn superior to DA + 1-decene copolymer doped base oil. 

iv. AW properties of the polymer blended lube oil increases with increasing polymer 

concentration. Copolymers are better than the homopolymer and the DA-styrene doped 

base oil found to be the best. 

v. Shear stability of the lube oil-copolymer blend is always better than the homopolymer. 

vi. Irrespective of the nature of the polymers (homo or copolymer) there is a gradual 

decrease in shear stability with the increase in concentration of the polymers in the base 

oils used for the study.  

vii. Correlation of oil thickening properties among the homo and copolymers as well as 

among the different concentrations of the same polymer cannot be concluded. 

1.2.6. References 

        References are given in Bibliography under Chapter-II of Part-I (Page No. 183-185). 
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Table 1.12.  Thermogravimetric analysis, [ n ]h
a
 and  [ Mh ]

b
 data of the prepared sample 

 
Sample Decomp. Temp. PWL [ n ]h

a [ Mh ]
b 

P-1 250/340 23/86 2.354 8315 

P-2 300/400 45/84 1.851 5396 

P-3 320/430 50/83 1.532 4211 
a
 Intrinsic Viscosity in cSt, 

b
 viscometric Molecular weight of polymers 

P-1 is homopolymer of DA and P-2, P-3 are copolymer of DA with 

styrene and 1-decene respectively. 
 
 

Table 1.13.  VI values of the additives doped in base oil 

Mass fraction of 

the additive 

 

  
VI 

 

 

(x2) P-1 P-2 P-3 

0.000 65.2 65.2 65.2 

0.010 71.06 69.30 68.01 

0.020 79.18 77.60 76.34 

0.030 93.69 92.27 91.21 

0.040 100.47 97.87 97.87 

0.050 110.50 109.29 108.65 
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Figure 1.15. FT-IR spectra of poly (decyl acrylate) 

 

 

Figure 1.16. 
1
H- NMR spectra of poly (decyl acrylate) 
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Figure 1.17. 
13

C- NMR spectra of poly (decyl acrylate) 

 

 

Figure 1.18. FT-IR spectra of a representative copolymer of decyl acrylate with styrene 
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Figure 1.19. 
1
H- NMR spectra of a representative copolymer of decyl acrylate with styrene 

 

 

Figure 1.20. 
13

C- NMR spectra of a representative copolymer of decyl acrylate with styrene 
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Figure 1.21. FT-IR spectra of a representative copolymer of decyl acrylate with 1-decene 

 

 

Figure1.22. 
1
H- NMR spectra of a representative copolymer of decyl acrylate with 1-decene 
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Figure1.23. 
13

C-NMR spectra of a representative copolymer of decyl acrylate with 1-decene 
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Figure 1.24.  Comparison of pour point (
o
C) among P-1, P-2 and P-3 polymers of different 

concentrations (mass fractions) in base oil 
 

 
Figure 1.25.  Comparison of Anti-wear AW property (WSD) among  P-1, P-2 and P-3 

polymers of different concentrations (mass fractions) in base oil 
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Figure 1.26.  Comparison of PSSI among P-1, P-2 and P-3 polymers of different 

concentrations (mass fractions) in base oil 

 

 

 

 

Figure 1.27.  Comparison of PVL among P-1, P-2 and P-3 polymers of different 

concentrations (mass fractions) in base oil 
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Figure 1.28.  Comparison of THK at 313K among P-1, P-2 and P-3 polymers of different 

concentrations (mass fractions) in base oil 

 

 

 

Figure 1.29. Comparison of THK at 373K among P-1, P-2 and P-3 polymers of different 

concentrations (mass fractions) in base oil 
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CHAPTER-III 
 

Synthesis and studies of thermal and 

microwave assisted poly myristyl 

acrylate as lubricating oil additive 
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1.3.1. Introduction 

     Base stock mineral oil, used as lubricant, generally can not perform all the requirements 

of high performance lubricants devoid of using the aid of modern additive technology. The 

additives
1
 employed are synthetic chemicals that can develop or add performances of lubricants. 

Some additives convey new and functional properties to the lubricant; some boost the properties 

already present, while some act to reduce the rate at which undesirable changes take place in the 

lubricant during its service life. One of the important property of the base oil which is modified 

by the lubricating additives is viscosity index
2-4

 and the additive providing the property is called 

Viscosity index improvers (VII) or viscosity modifier
5
 (VM). They are long chain, high 

molecular weight polymers used to prevent the change of viscosity of the oil by increasing the 

relative viscosity of oil more at high temperatures than at low temperatures.
6-8

 The performance 

of VMs is generally expressed in terms of Viscosity Index (VI), which is an arbitrary number 
9
 

that indicates the resistance of a lubricant to viscosity change with temperature. For a given 

temperature change, the higher the VI, the less the viscosity of an oil changes. The performance 

of the VMs depends on the behaviour of the polymer molecules in the oil, where the polymer 

solubility, molecular weight and resistant to shear degradation are determinant parameters. Oil 

thickening property
10

 of the polymer, which is a direct measure of percent increase in the 

viscosity of the base stocks for addition of its unit amount of weight  can also be taken as the 

measure of extent of interaction of the polymer with the base stock, greater the thickening 

property; greater is the extent of interaction. Fuel economy may also be varied by the thickening 

power of a lube oil additive. 

Although high thickening power of high molecular weight polymer makes them economically 

more efficient but the inferior shear stability,
 11, 12

 results rapid loss of viscosity in service, makes 



66 
 

them unsuitable in field application. Therefore, it is crucial to obtain an optimal relation between 

viscosity index improving quality and shear stability of the polymer. Shear stability is articulated 

in term of permanent viscosity loss (PVL) or permanent shear stability index (PSSI).
13

 

Acrylate polymers are renowned additives for improving the various performances (VI, PPD 

etc.) of lube oil. The polymerisation process may be of different types. Microwave irradiation is 

a well-known method, utilized in many private households and industrial applications for heating 

and drying materials, used for polymerisation. Both organic and inorganic reactions undergo an 

enormous increase in reaction speed under microwave irradiation
14

 compared with conventional 

thermal heating. Significant improvements in yield and selectivity have also been observed as a 

consequence of the fast and direct heating of the reactants themselves. Furthermore, high-

pressure synthesis is easily accessible for reactions performed in closed vessels, facilitating the 

use of low boiling solvents and thereby paving the way to environmentally benign reaction 

conditions. Keeping with this view in mind and as a part of our ongoing studies on the synthesis 

and evaluation of polymeric additives, presently we have synthesized poly myristyl acrylate by 

using BZP and AIBN (both in thermal and microwave process) separately. VI, PVL and PSSI 

property of each of the additives were evaluated in two different base oils.  

1.3.2. Experiment 

1.3.2.1. Materials  

Acrylic acid (GC Purity 99%) obtained from Thomas Baker, India. Myristyl alcohol (GC 

Purity 98%) obtained from S.D.Fine chemicals Ltd. India. Hydroquinone obtained from S.D. 

Fine chemical Ltd., India. Benzoyl peroxide (GC Purity 98%) obtained from LOBA Chemicals 

Pvt. Ltd., India, was purified by crystallization from methanol-chloroform mixture. AIBN 

obtained from Spectrochem Pvt. Ltd., India and Toluene (GC Purity 99.5%) obtained from 
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Merck, India, was used as a solvent. Base oil was collected from IOCL, Dhakuria, Kolkata and 

base oil property is given in Table 1.14. 

1.3.2.2. Preparation of monomer (myristyl acrylate) 

Preparation of myristyl acrylate (MA) from acrylic acid and myristyl alcohol was carried out 

by esterification reaction following the process as reported in the previous chapter (Chapter-II, 

Page No. 27). 

                     

                             Scheme 1.9:  Preparation of myristyl acrylate (MA) 

 

1.3.2.3. Purification of the Prepared Acrylate Ester  

The prepared ester was purified by the method as described in our earlier publication.
15

  

1.3.2.4. Thermal Polymerization  

The polymerization
16

 was carried out in a four-necked round bottom flask equipped with 

a stirrer, condenser, thermometer and an inlet for the introduction of nitrogen. The desired mass 

(20 g) of MA (Myristyl Acrylate) and initiator (BZP/AIBN) (0.5 g) were added in the round 

bottom flask in five different lots during reaction in toluene (10 ml) as solvent. The reaction 

temperature was maintained at 353 K for 6 h. At the end of this reaction time, the reaction 

mixture was poured into methanol with stirring to terminate the polymerization and to precipitate 

the polymer. The polymer was further purified by repeated precipitation from its hexane solution 

by methanol followed by drying under vacuum at 313 K.  
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Scheme 1.10: Preparation of poly (myristyl acrylate) by thermal method 

1.3.2.5. Microwave Assisted Polymerization 

  Polymerization was carried out in a focused mono-mode microwave oven (CEM 

corporation, Matthews, NC) applying 300 WT for 15 minute at 90℃ without any solvent by 

adding 0.01% (w/w) BZP or AIBN with respect to monomer as initiator.
17

 The desired mass (20 

g) of MA (Myristyl acrylate) and initiator (BZP/AIBN) (0.5 g) were taken in vial and sealed with 

a Teflon septum. Then argon gas was bubbled to get oxygen free atmosphere. The reaction 

mixture was then magnetically stirred at 90 °C with microwave heating for 30 min applying 300 

WT without applying any solvent, which were subsequently quenched by quickly cooling at 

room temperature and purified following the procedure as mentioned above.  

 

 

Scheme 1.11: Preparation of poly (myristyl acrylate) by microwave method 

1.3.3. Measurements  

1.3.3.1. Spectroscopic Measurements  

Spectroscopic IR spectra were recorded on a Shimudzu FT-IR 8300 spectrometer using 

0.1 mm KBr cells at room temperature within the wave number range 400 to 4000 cm
-1

. NMR 

spectra were recorded in Brucker Avance 300 MHz FT-NMR spectrometer using 5 mm BBO 

probe. CDCl3 was used as solvent and TMS as reference material. 
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1.3.3.2. Determination of intrinsic viscosity and viscometric molecular weight of the 

polymers 

 Intrinsic viscosity and viscometric molecular weight (Table 1.17) were determined by 

using the experimental viscosity of the polymer solutions in Huggins (eq.1) and Mark Houwink 

– Sukurda equation (eq.2) respectively
18

. 

Huggins (H)      Ck
C hhh

sp 2



                                             (1)       

Where, C is mass concentration, sp = r –1,sp is the specific viscosity, r t/t0, r is the 

relative viscosity or viscosity ratio (where t is the time of flow of the solution and t0 is the time of 

flow of the pure solvent). 

hintrinsic viscosity, respective to Huggins equation, kh is the Huggins coefficient.   

According to Mark Houwink – Sukurda (eq. 2), the value of intrinsic viscosity changes 

with the molecular weight of the polymer in a solvent as: 

KM
a
                                                     (2) 

Where, [], the intrinsic viscosity, can be calculated by using Huggins equation, parameter ‗K‘ 

and ‗a‘ depends on the type of polymer, solvent and temperature. To determine the viscosity 

average molecular weight, the constants K = 0.00387 dl/g and a = 0.725 were employed in Mark 

Houwink – Sukurda relation. 

1.3.3.3. Thermo Gravimetric Analysis (TGA)  

The thermograms in air were recorded on a mettler TA – 3000 system, at a heating rate of 10
o
C / 

min. 

1.3.3.4. Viscosity index determination 

                Kinematic viscosity (KV) of polymyristyl acrylate was determined separately in 40 
o
C 

and 100 
o
C by counting the time of flow of polymer solution in base oil and the density of it by 
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the following equation  

                                                      

                                                     KV= (Kt – L/t) d 

K and L are viscometric constant; values are 0.03853 and 2.46896 respectively determined 

taking toluene as solvent,‗t‘ and ‗d‘ are the time of fall and density of the solution respectively.             

According to ASTM D-7042 method and also by using the method of viscosity index calculation 

reported in litersature
19

 viscosity index of each polymer solution was determined. 

1.3.3.5. Shear stability determination  

 Shear stability of the polymeric additive in lube oil play a significant role in 

determining its suitability in a lubricant formulation.The shear stability of the additive has strong 

influence on multigrade lube oil‘s ability to retain its viscosity under shearing conditions, 

experienced by the lubricant while in use. The viscosity loss of the lubricant under shear can be 

of two types, namely a temporary viscosity loss (TVL) or a permanent viscosity loss (PVL).
20

 

PVL is similar to TVL, with the exception that the viscosity loss is measured by KV before and 

after shear. The PVL values are more frequently related to permanent shear stability index 

(PSSI). 

Shear stability of the various solution of pure polymyristyl acrylate in lube oils (BO1 and BO2) 

was determined as per ASTM D - 3945 method by the relations, PVL = (Vi – Vs)/Vi    and   PSSI 

= (Vi – Vs / Vi – V0) × 100, where V0 = Kinematic viscosity (KV) of the base oil before addition 

of polymer, Vi = KV of unshared solution, Vs = KV of sheared solution. KV of the base oil and 

sheared polymer solution in base oil was determined by ASTM D- 445 procedure. Properties of 

the base oils, BO1 and BO2 and the Kinematic viscosity (KV) data are given in Table 1.14 and 

Table 1.18 respectively. 
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1.3.4. Results and Discussion 

1.3.4.1. Spectroscopic analysis 

Thermally prepared polymers (either initiated by BZP or AIBN) showed similar peaks in 

their IR and NMR (
1
H and 

13
C) spectrum. The IR absorption (Figure 1.30) at 1730 cm

-1
 showed 

the presence of ester carbonyl group. Peak at  1190 cm
-1

  was due to the ester C-O stretching 

vibration and peaks in the range 1053.8 cm
-1

 to 721.8 cm
-1

 for C-H bending vibrations. The 

broad 
1
HNMR (Figure 1.31) peak centred at δ 3.642 ppm indicates the presence of –OCH2 

group of acrylate chain. Absence of peak between δ 5 to δ 6 ppm indicates the absence of 

olefinic double bond. The proton decoupled 
13

C-NMR (Figure 1.32) of the above sample was in 

complete agreement with the homopolymer which shows the presence of ester carbonyl group at 

δ 174.47 ppm and absence of any sp
2
 carbon in the range 130-150 ppm. 

Microwave irradiated polymer (either initiated by BZP or AIBN) exhibited IR absorption 

(Figure 1.33) at 2922.88 cm
-1

 for C-H stretching and at1730.05 cm
-1

 of ester carbonyl group. 

Peak at  1461.95, 1378, 1171.73 cm
-1

  was due to the ester C-O stretching vibration and peaks in 

the range 977.57 cm
-1

 to 722.38 cm
-1

 for C-H bending vibrations. The 
1
H-NMR (Figure 1.34) 

peak from 3.42 to 4.45 ppm indicates the presence of –OCH2 group of acrylate chain. The proton 

decoupled 
13

C-NMR (Figure 1.35) shows the presence of ester carbonyl group at δ 172.02 and 

173.11 ppm. Absence of peak between δ 5 to δ 6 ppm in 
1
H-NMR and between 130-150 ppm in 

13
C-NMR spectra indicates the absence of olefinic double bond in the polymer. 

1.3.4.2. TGA analysis 

               The TGA data showed (Table 1.15) that the thermal stability of P-1 and P-2 and that of 

P-3 and P- 4 are more or less similar but thermal stability of P-3 is much better than P-1 and 

similarly that of P- 4 is more than P-2.  The stability data also indicated that irrespective of the 

nature of the initiator, polymer P-3 and P- 4 (prepared by microwave assisted method) is more 
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linear  than P-1 and P-2 (prepared by thermal method) respectively,  since branching in polymer 

chain induces instability.
21

 

1.3.4.3. VI analysis 

The study reveals that with increasing concentration of polymer in lube oil the KV and 

VI value increases (Table 1.16, Table 1.18 and Figure 1.40 and Figure 1.41). A possible 

explanation for that is, with increasing temperature the polymer molecules change from tight coil 

to expanded one as a result of increasing the interaction between the polymer chain and the base 

oil.
22

 This increase in volume causes an increase in the viscosity of the mixture and offsets the 

normal reduction in viscosity of the oil with increasing temperature. The increase of 

concentration of the polymer also leads to an increase in total volume of polymer micelles in the 

oil solutions. Consequently, a high concentration of polymer in base oils will impart a high 

viscosity index rather than a low concentration of the same polymer.
23

 

1.3.4.4. shear stability analysis 

Studies also reveal that shear stability of P-1 is more than that of P-2 and P-3 is more than 

P- 4 (Table 1.19, Figure 1.36 and 1.37 and also Figure 1.38 and 1.39) which can be explained 

by the respective molecular weight data (Table 1.17). Higher the molecular weight the lower is 

the shear stability and greater is the PVL and PSSI value (Figure 136 to 1.39). Therefore the 

shear stability of VII is influenced by the nature of the initiator rather than the way of 

polymerization process.  The lower decomposition temperature of AIBN compared to BZP may 

be responsible for providing high mol wt polymer and hence poor shear stable products. 

1.3.5. Conclusion 

1. Viscosity index of AIBN initiated polymer is more than that of BZP initiated both in 

thermal and microwave condition. 
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2. Shear stability of the VM is influenced by the nature of the initiator rather than the way 

polymerization process. Initiator BZP provides better shear stability compare to AIBN. 

3. Irrespective of the nature of the initiator, polymer prepared by microwave assisted 

method exhibited better thermal stability over the one prepared by thermal method. 

1.3.6. References 

References are given in Bibliography under Chapter-III of Part-I (Page No. 185-187). 
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Table 1.14.  Base oil properties 

Properties BO1 BO2 

Density (g.cm
-3

) at 40
0
C 0.868 0.97 

Viscosity at 40
0
C in cSt 22.879 110.053 

Viscosity at 100
0
C in cSt 3.685 10.526 

Viscosity Index 61.34 82.00 

Cloud Point,
0
C -8 -8 

Pour Point,
0
C -6 -6 

 

Table 1.15. Thermal Stability (TGA) and Percent Weight Loss (PWL) data of the polymers 

Sample Polymerization Process Decom. Temp., 
o 
C PWL 

P-1 Thermally with BZP 255/366 13/84 

P-2 Thermally with AIBN 260/269 13/85 

P-3 Microwave method  with BZP 277/395 15/94 

P-4 Microwave method with AIBN 280/399 15/95 
Decom. Temp., 

o
C - Decomposition temperature. 

 

Table 1.16.  VI values of the Additives Doped in Base Oil 

Sample Base oil 
Additives doped based oil 

1% 2% 3% 4% 5% 

P-1 
BO1 70.3 77.6 85.2 91.6 97.5 

BO2 89.5 97.6 105.4 114.0 119.5 

P-2 
BO1 71.3 78.8 87.4 92.5 98.4 

BO2 90.5 98.4 106.6 115.3 120.3 

P-3 
BO1 71.2 78.4 86.4 92.5 98.3 

BO2 90.6 98.5 106.7 115.7 121.0 

P-4 
BO1 71.7 79.3 88.0 92.9 98.7 

BO2 91.6 99.8 108.3 117.3 121.5 

 

Table 1.17. [η ]h
a
 and [ Mh]

b 
of Polymers 

 

 

 

 

 

Sample [ η ]h
a 

[ Mh]
b 

P-1 2.397 7095 

P-2 2.498 7511 

P-3 2.599 7933 

P-4 2.776 8687 
a
 Intrinsic Viscosity, 

b
 Viscometric Molecular Weight of Polymer  

according to Mark Houwink – Sukurda relation 
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Table 1.18. Kinematic Viscosity Values of the Additives Doped in Base Oil 

Conc. 

(%) 

KV (at 373K) 

before shear  after shear 

Base oil P-1 P-2 P-3 P-4 P-1 P-2 P-3 P-4 

0% 
BO1 3.68 3.68 3.68 3.68 3.68 3.68 3.68 3.68 

BO2 10.52 10.52 10.52 10.52 10.52 10.52 10.52 10.52 

1% 
BO1 4.76 4.78 4.78 4.80 4.75 4.75 4.76 4.77 

BO2 11.10 11.16 11.15 11.18 11.09 11.14 11.14 11.16 

2% 
BO1 4.93 4.95 4.95 4.98 4.91 4.91 4.92 4.94 

BO2 11.51 11.58 11.56 11.61 11.49 11.54 11.54 11.57 

3% 
BO1 5.11 5.14 5.14 5.18 5.08 5.08 5.10 5.12 

BO2 11.99 12.10 12.07 12.14 11.95 12.03 12.03 12.08 

4% 
BO1 5.34 5.38 5.39 5.43 5.29 5.30 5.32 5.35 

BO2 12.44 12.51 12.51 12.54 12.38 12.42 12.45 12.45 

5% 
BO1 5.51 5.54 5.56 5.58 5.43 5.44 5.46 5.48 

BO2 12.91 12.99 12.98 12.93 12.82 12.87 12.89 12.90 

 

Table 1.19. PVL and PSSI Values of the Additives Doped in Base Oil 

Conc. 

(%) 

PVL 
 

PSSI 

Base oil P-1 P-2 P-3 P-4 P-1 P-2 P-3 P-4 

1% 
BO1 0.21 0.62 0.41 0.62 0.93 2.74 1.82 2.69 

BO2 0.09 0.17 0.08 0.17 1.74 3.15 1.60 3.05 

2% 
BO1 0.40 0.80 0.60 0.80 1.60 3.16 2.37 3.09 

BO2 0.17 0.34 0.17 0.34 2.03 3.79 1.93 3.69 

3% 
BO1 0.58 1.16 0.77 1.15 2.10 4.12 2.75 4.01 

BO2 0.33 0.57 0.33 0.49 2.73 4.44 2.59 3.71 

4% 
BO1 0.93 1.48 1.29 1.47 3.02 4.72 4.10 4.58 

BO2 0.48 0.71 0.47 0.71 3.13 4.53 3.02 4.46 

5% 
BO1 1.45 1.80 1.79 1.79 4.38 5.39 5.33 5.27 

BO2 0.69 0.92 0.69 0.92  3.77 4.87 3.66 4.81 
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Figure 1.30. FT-IR spectra of thermally prepared poly myristyl acrylate 

 

 

Figure 1.31. 
1
H NMR spectra of thermally prepared poly myristyl acrylate 
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Figure 1.32. 
13

C NMR spectra of thermally prepared poly myristyl acrylate 

 

 

Figure 1.33. FT-IR spectra of poly myristyl acrylate prepared by microwave irradiation 
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Figure 1.34. 
1
H NMR spectra of poly myristyl acrylate prepared by microwave irradiation 

 

 

Figure 1.35. 
13

C-NMR spectra of poly myristyl acrylate prepared by microwave irradiation 
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Figure 1.36. Comparison of PVL among P-1, P-2, P-3, P-4 in different concentration 

(percentage) in base oil BO1 
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Figure 1.37. Comparison of PVL among P-1, P-2, P-3, P-4 in different concentration 

(percentage) in base oil BO2 
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Figure 1.38. Comparison of PSSI among P-1, P-2, P-3, P-4 in different concentration  

(percentage) in base oil BO1 
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Figure 1.39. Comparison of PSSI among P-1, P-2, P-3, P-4 in different concentration 

(percentage) in base oil BO2 
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Figure 1.40. Comparison of VI among P-1, P-2, P-3, P-4 in different concentration 

(percentage) in base oil BO1 
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Figure 1.41. Comparison of VI among P-1, P-2, P-3, P-4 in different concentration 

(percentage) in base oil BO2 
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1.4.1. Introduction 

The basic building block of a lubricant is the lubricating oil, also known as base oil or lube oil.  

Performance of lubricant depends on the rheological properties such as viscosity and variation of 

viscosity with temperature, fluidity of the oil at low temperature etc. To exhibit effective 

performance at both low and high temperatures, an engine lubricant should be effective fluid at 

low temperature and should have least variations of its viscosity with temperature. To develop 

the quality, lube oil normally mixed with different types of additives. Additives provide new and 

desirable properties to the lube oil which was not initially present in the oil or enhance the 

performance already existing in the lube oil.
1
 The quantity and quality of the additives govern the 

performance of the lubricant. There are varied types of additives; such as viscosity index 

improvers (VII), pour point depressants (PPD), antioxidants, detergents and dispersants, 

corrosion inhibitors etc. Of them PPD, VII and AW are the most extensively used ingredients in 

modern lubricants. 

Pour point depressants (PPDs)
2
 are the chemical additives used to keep fluidity of lube 

oils at low temperature. They are added to continue oil flow ability below a definite temperature 

which is termed as pour point (PP) and well-defined as the temperature at which the flow ability 

of oil is just totally ceased due to wax crystal lattice formation. They are mainly polymeric 

hydrocarbon chains. When the temperature becomes low the oil cools down, then during the 

growth of wax crystal network, the hydrocarbon chains become inserted in the wax crystal lattice 

and thus inhibit wax crystal formation or modify the wax crystal network. Therefore, they are 

also known as wax crystal modifiers. Amongst the various kinds of polymers,
3
 acrylic and 

methacrylic ester polymers are very competent as crude oil wax crystal modifiers and wax 

deposition inhibitors.
4, 5
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Viscosity is also a very significant property of a lubricant.
6, 7 

The resistance to flow is 

expressed as viscosity and high viscous oil is less fluid than that of of low viscosity. When the 

temperature is high, the oil tend to thin out and flow more easily and vice-versa. The change in 

viscosity with the temperature change is expressed by a parameter known as viscosity index 

(VI). Higher VI value of the oil reveals that viscosity of the oil differs very least with the 

variation of temperature. Viscosity index improvers (VII)
8
 or viscosity modifiers (VM) are added 

to the lubricating oil to develop the VI of the oil.  

1.4.2. Experiments 

1.4.2.1. Materials  

Acrylic acid (stabilised with 0.02% Hydroquinone monomethyl ether) and isodecyl 

alcohol were obtained from Sisco Research Laboratories Pvt. Ltd. Toluene, Hydroquinone and 

H2SO4 were purchased from Merck Specialities Pvt. Ltd. Isooctyl alcohol and hexane was 

purchased from S D Fine Chem. Ltd. Methanol was obtained from Thomas Baker (Chemicals) 

Pvt. Ltd. and styrene from Across Organics. Benzoyl peroxide (BZP) purchased from LOBA 

chemicals was recrystallised from CHCl3-MeOH before use. Rest of the chemicals was used as 

they were obtained without further purification. Two different base oils (BO1 and BO2, Table 

1.20) were collected from IOCL, Dhakuria, Kolkata.  

1.4.2.2. Esterification – preparation of monomers 

Isodecyl acrylate (IDA) and isooctyl acrylate (IOA) ester were prepared by same 

esterification method
9
 as mentioned in the previous chapter (Chapter-II of Part I Page No. 27). 

1.4.2.3. Purification of prepared esters (monomers) 

The prepared esters were purified according to the procedure as mentioned in previous 

chapter (Chapter-II of Part I Page No. 27).  
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1.4.2.4. Preparation of copolymer and homopolymer  

Homopolymer of IDA and IOA (HIDA and HIOA, respectively) were prepared and in the 

preparation of IDA + styrene and IOA + styrene copolymers, different mole fractions of styrene 

were used (Table 1.21). The homo and co polymerization was carried out by following the 

method as reported in the previous chapter (Chapter-II of Part I, Page No. 28). 

1.4.3. Measurements 

1.4.3.1. Spectroscopic measurements  

To record IR spectra Shimudzu FT-IR 8300 spectrometer were used using 0.1 mm KBr 

cells at room temperature within the wave number range 400 to 4000 cm
-1

. NMR spectra were 

recorded in Brucker Avance 300 MHz FT-NMR spectrometer using 5 mm BBO probe. CDCl3 

was used as solvent and TMS as reference material.  

1.4.3.2. Viscometric measurements  

Viscometric properties of the prepared polymers were determined at 313 K in toluene 

solution, using an Ubbelohde OB viscometer. Experimental determination was carried out by 

counting time of flow of at least eight different concentrations of the sample solution. The time 

of flow of the solutions was manually determined by using a chronometer. In the single point 

measurement, the lowest value of solution concentration was chosen for calculation. 

Solution of the polymers in base oils were made by dilution method from their respective 

10% stock solutions at about 60-70
0
C with continuous stirring until clear solutions were 

obtained. Kinematic viscosities of the prepared polymer solutions were measured using Cannon-

Fenske viscometer in a 100±0.1
0
C bath as per ASTM D-445 procedure. 

1.4.3.3. Thermogravimetric analysis (TGA)  

               The thermograms in air were obtained on a mettler TA-3000 system, at a heating rate of 

10 K min
-1

 at room temperature under atmospheric pressure taking 0.2 g of each polymer sample 
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in a platinum crucible. 

1.4.3.4. Evaluation of PPD properties of the additives in lube oil 

The prepared additives were evaluated as pour point depressants (PPD) using two 

different base oils through the pour point test according to the ASTM D 97-09 on a Cloud and 

Pour Point Tester model WIL-471(India). 

1.4.3.5. Evaluation of the prepared additives as Viscosity Index Improver (VII) in lube oil 

The Viscosity index values of the polymeric oil solutions have been determined 

according to the ASTM D2270 method and by using the following equations.
10 

  

VI = 3.63(60-10
n
) 

Where, n = (ln v1- ln k) / ln v2 

For which, v1 and v2 are the kinematic viscosities of the solution at lower and higher temperature 

respectively. The kinematic viscosity of the oil containing the different concentrations of the 

tested polymers was determined at 313 K and 373 K and k is a constant which is equal to 2.714 

for the temperature range performed
11

. Different concentrations ranging between 1.0 and 6.0 wt 

% were used to study the effect of copolymer concentration on the VI. 

1.4.3.6. Evaluation of Anti-wear properties of the prepared additives in lube oil 

Anti-wear properties of polymer-oil blends as well as of the mineral base stocks were 

studied in sliding contact by means of a Four-Ball Wear Test Machine as per ASTM D-4172.
12

 

The tests were carried out employing 20kg (196N) and 40kg (392N) load condition.  

1.4.3.7. Determination of Average Molecular Weight  

               The average molecular weight of the prepared polymers was determined gel permeation 

chromatography (GPC). In GPC technique the number average (Mn) and weight average (Mw) 

molecular weights were determined using a Waters GPC system (polystyrene calibration) having 

molecular weight range 10
2
–5×10

5
 g. mol

-1 
equipped with 2414 refractive index detector, Waters 
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515 HPLC pump, 717 plus auto sampler at 40
0
 C. THF has been used as an eluent at a flow rate 

of 1.0 ml/min at 40
0
 C. The instrument has been calibrated with polystyrene before the 

experiment. The poly dispersity index, indicating the nature of the distribution of the molecular 

weights in the polymers,
13

 was also calculated.        

1.4.4. Results and discussion 

1.4.4.1. Spectroscopic analysis 

FT-IR spectrum of the homo polymer of iso decyl acrylate (HIDA) (Figure 1.42) showed 

absorption at 1732 cm
-1

 due to ester carbonyl stretching vibration. Peak at 1260 and at 1175 cm
-1

 

can be explained owing to the C-O (ester bond) stretching vibration and the absorption bands at 

975,750 and 711 cm
-1

 were due to the bending of C-H bond. The broad peak ranging from 2900-

3100 cm
-1

 was due to the presence of stretching vibration (C-H bond).
 
In its 

1
H-NMR (Figure 

1.43) spectra, homo polymer of IDA showed a multiplet centered at 4.016 ppm due to the proton 

of -OCH2- group; a broad singlet at 0.85 ppm was due to methyl groups of decyl chain. The 

proton decoupled 
13

C-NMR (Figure 1.44) of the above sample was in complete agreement with 

the homopolymer which shows the presence of ester carbonyl group at 174.4 ppm and absence of 

any sp
2
 carbon in the range 130-150 ppm. 

FT-IR spectrum of the homo polymer of Isooctyl acrylate (HIOA) (Figure 1.45) 

exhibited absorption at 1731 cm
-1

 due to ester carbonyl stretching vibration. Peak at 1260 and at 

1164cm
-1

 can be explained owing to the C-O (ester bond) stretching vibration and the absorption 

bands at 961,775 and 720 cm
-1

 were due to the bending of C-H bond. The broad peak ranging 

from 2929-2950 cm
-1

 was due to the presence of stretching vibration (C-H).
 1

H and 
13

C-NMR 

was also in complete agreement with the homopolymer. In its 
1
H-NMR spectra (Figure 1.46), 

homo polymer of IOA showed a broad singlet centered at 4.01 ppm due to the proton of -OCH2- 
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group; a broad singlet at 0.89 ppm was due to methyl groups of isooctyl chain. The proton 

decoupled 
13

C NMR (Figure 1.47)   of the above sample shows no peak between 130-150 ppm 

which indicates the absence of any sp
2
 carbon. The presence of ester carbonyl group was 

indicated by the peak at 170.4 ppm.  

Copolymer of IDA with styrene showed FT-IR absorption (Figure 1.48) at 1734.72 cm
-1

 

of the ester carbonyl group along with other peaks. In 
1
H-NMR (Figure 1.49) spectra presence 

of peaks in the range of 7.21 to 7.55 ppm indicates the presence of a phenyl group of styrene 

part. The absence of singlets between 5 and 6 ppm directed the absence of vinylic protons in the 

copolymer. The proton decoupled 
13

C NMR spectrum (Figure 1.50) showed the presence of 

aromatic sp
2
 carbons at 126.39 and 128.36 ppm and the ester carbonyl carbon at 174.78 ppm. 

           The proton decoupled 
13

C NMR spectrum of the above sample of copolymer was in 

complete agreement with the proposed structure of the copolymers (structure-I) 

 

The amount of incorporation of styrene in the polymer chain (Table 1.21) was evaluated 

through a comparison of area of –OCH2 group in the area of signal due to phenyl protons based 

on earlier reports 
14 

as well as on the basis of our earlier paper, 
15

 which was further verified 

through an analysis of FT-IR spectral data following a method as also discussed in our earlier 

paper. 
15
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        Copolymer of IOA with styrene showed FT-IR absorption (Figure 1.51)   at 1732.10 cm
-1

 

of the ester carbonyl group along with other peaks. In 
1
H-NMR (Figure 1.52)   spectra presence 

of peak at 6.857 ppm indicates the presence of a phenyl group. The 
13

C NMR   spectrum (Figure 

1.53) showed the presence of aromatic sp
2
 carbons in the range 125.32 to 132.31 ppm and the 

ester carbonyl carbon in the range of 165.96 to 170.8 ppm.  

1.4.4.2. Thermogravimetric analysis 

A comparison between the TGA data (Figure 1.54) for homo and copolymers shows that 

in case of IDA polymers, the copolymers are better in thermal stability than the respective 

homopolymers and with increasing concentration of styrene in the feed, the stability increases. 

Same trend is also observed for the homo and copolymers of IOA. In addition, comparison 

among the TGA values indicates that the IDA polymers (homo and co) are thermally more stable 

than the IOA polymers. 

1.4.4.3. GPC molecular weight 

As expected, the molecular weight (Mw and Mn) of the homo and copolymers of IDA 

(Mw and Mn of HIDA is 21 × 10
4 

and 10.5 × 10
4
 and those for IDA + Styrene copolymer 23 × 

10
4 

and 12.4 × 10
4
 respectively) is always greater than those of the IOA polymers (Mw and Mn 

of HIOA is 13.5 × 10
4 

and 6.5 × 10
4
 and those for IOA + Styrene copolymer 8.5 × 10

4 
and 17.2 × 

10
4
 respectively).   Lower poly dispersity index (PDI) of the IDA polymers (PDI of HIDA is 1.2 

and that for IDA + Styrene copolymer is 1.8) in comparison to IOA polymers (PDI of HIOA is 

3.37 and that for IOA + Styrene copolymer is 2.11) indicated lesser extent of branching in the 

IDA polymers. Thus a better surface related additive performance is anticipated.  

1.4.4.4. Efficiency of the prepared polymers as pour point depressant (PPD) 

The PPD properties of the prepared polymers were tested by using 1- 6 % (w/w) polymer 
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doped base oils and the experimental data are grouped in Table 1.22. The data indicated that the 

prepared additives may be considered as efficient pour point depressants. The results for most of 

the polymers indicate that their efficiency as PPD go on increasing from 1 % to 5 %. However, 

beyond the concentration of 5% the change is not significant. It is also observed that the styrene 

copolymers are more efficient than the respective acrylate homo polymers and the increase in 

styrene content enhances the performance. Also, homopolymer and copolymer of isodecyl 

acrylate acts as a better PPD than homo and copolymers of isooctyl acrylate. 

1.4.4.5. Efficiency of the prepared compounds as viscosity index improvers 

 VI improver properties of the prepared homo and copolymers in terms of their viscosity 

index values are presented in Table 1.23 in two different base oils BO1 and BO2. The data 

obtained clearly shows that the homopolymers (HIDA and HIOA) is of having lower VI values 

than their respective styrene copolymers and with the increase in styrene content in the stock, the 

VI is found to increase. Again, homopolymer of IDA and its copolymer with styrene are of 

having higher VI values than the respective IOA homo and copolymers, and with the increase in 

styrene content in the stock, the VI value is found to increase irrespective of the nature of the 

base oils. Again, with increasing concentration of the polymer solutions, VI value is found to 

increase in all the cases. This may be because of the fact that, at a higher temperature, while the 

lube oil viscosity gets decreased, the polymer molecules change from tight coil to expanded ones 

as a result of increase in the interaction between the polymer chain and the base oil.
16

 This 

increase in volume results in an increase in the viscosity of the mixture and counter balances the 

normal reduction in viscosity of the oil with increasing temperature. The increase in 

concentration of the polymer also leads to an increase in total volume of polymer coils in the oil 
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solutions as was already reported.
17

  As a consequence, a high concentration of polymer will 

impart a high viscosity index rather than its low concentration.
18

  

1.4.4.6. Efficiency as anti-wear aditives 

Employing a Four Ball Wear Test Machine as per ASTM test conditions, the anti-wear 

contributions of the homo and copolymers due to the additive concentration / viscosity of the oil 

and due to the additive chemistry was determined. Experiments were conducted first with pure 

base oils followed by polymer-oil blends. The wear scar diameter (WSD) measured in all these 

cases are depicted in Table 1.24 and Figure 1.55. 

1.4.4.7. Effect of viscosity on AW performance  

WSD (lower the WSD data, higher the AW benefit), is found to decrease with the 

viscosity of the pure base oil. The WSD data in the case of polymer - oil blends is also found to 

decrease with the additive concentration in the base oil i.e. with the viscosity of the polymer 

doped base oil irrespective of the nature of the base oils. This observation is in agreement with 

the earlier reported data.
19

  

1.4.4.8. Effect of Additive Concentration on AW performance  

Decrease in WSD (mm) with increasing concentration of the additives was found in both 

the base stocks irrespective of the types of additives (homopolymer or co-polymer). However, 

beyond 5% additive concentration no significant AW benefit was observed.  

1.4.4.9. Effect of additive chemistry on AW performance 

 Acrylate-styrene copolymers always showed better AW performance in both the base 

oils followed by HIDA and HIOA polymers. This is due to the presence of aromatic ring of 

styrene in the copolymer structure, which increases the surface activity
20,21

 much more than the 

homopolymer samples in which the surface active phenomena is offered only by the  ester 



92 
 

functionality present in them. It is believed that one of the oxygen atoms present in the ester 

group can form a donor–acceptor bond with the vacant orbital of ferrus atom using its lone pair 

of oxygen, thereby increasing tribological activity.
21, 22

 

1.4.5. Conclusions 

1) IDA polymers are thermally more stable than the IOA polymers. Increased styrene content 

enhances the thermal stability. 

2) Acrylate + styrene copolymers showed excellent multifunctional (PPD. VM, AW) additive 

performance irrespective of the nature of base oils. In general the additive performance 

properties of the additives, doped in the base oils, increases gradually (upto a certain limit) 

with the increasing additive concentration in the polymer-oil blends.  

3) Acrylate + styrene copolymers showed much better PPD, VII, AW properties than the 

respective homopolymers. Homopolymer of isodecyl acrylate exhibit better additive 

performance than isooctyl acrylate. Again, with increasing styrene content in the copolymer, 

additive performance increases in all the cases. 

4) The prepared copolymers can effectively be used as multifunctional lube oil additives.  

1.4.6. References 

References are given in Bibliography under Chapter-IV of Part-I (Page No. 187-189). 
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Table 1.20. Base oil properties 

 

Properties 

Base oils 

BO1 BO2 

Density at 313 K, Kg.m
−3

 839.98 940.03 

Viscosity at 313 K, in cst 6.808 22.953 

Viscosity at 373 K,in cst 1.792 3.927 

Cloud point,°C −5 −8 

Pour point,°C −3 −6 

Viscosity index 80 85 

 

Table 1.21. Specification of prepared polymer samples and extent of incorporation of 

styrene 

 

 

Sample 

 

Mole 

fraction of 

styrene in 

the feed 

Mole fraction of styrene in the 

copolymer 

 

By NMR method 

 

By IR method 

P-1 0.0000 0.0000 0.0000 

P-2 0.0155 0.0148 0.0146 

P-3 0.0425 0.0408 0.0411 

P-4 0.0711 0.0692 0.0701 

P-5 0.0000 0.0000 0.0000 

P-6 0.0135 0.0123 0.0126 

P-7 0.0391 0.0361 0.0369 

P-8 0.0637 0.0610 0.0611 

P-1 = homopolymer of isooctyl acrylate; P-2 to P-4 = Copolymer 

of isooctyl acrylate + different mole fraction of styrene; P-5 = 

homopolymer of isodecyl acrylate; P-6 to P-8 = Copolymer of 

isodecyl acrylate + different mole fraction of styrene. 
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Table 1.22. Dependence of pour point (PP) in 
0
C on the concentration of additives in base 

oil BO1 and BO2 

 

Conc. 

PP in presence of 

BO2 BO1 

P1 P2 P3 P4 P5 P6 P7 P8 P1 P2 P3 P4 P5 P6 P7 P8 

0 % -3 -3 -3 -3 -3 -3 -3 -3 -6 -6 -6 -6 -6 -6 -6 -6 

1 % -3 -9 -12 -15 -9 -15 -18 -18 -9 -15 -18 -18 -18 -21 -24 -21 

2 % -6 -9 -12 -15 -12 -18 -21 -24 -9 -15 -15 -18 -21 -24 -27 -27 

3 % -6 -6 -12 -15 -12 -18 -21 -24 -12 -12 -12 -15 -21 -21 -24 -24 

4% -6 -12 -15 -18 -12 -18 -24 -24 -9 -12 -12 -18 -18 -24 -24 -24 

5% -6 -12 -15 -18 -15 -18 -27 -27 -12 -15 -15 -18 -18 -24 -27 -27 

6% -6 -12 -15 -18 -15 -18 -27 -24 -12 -12 -15 -18 -21 -24 -27 -24 

 

Table 1.23. Dependence of VI on the concentration of additives in base oil BO1and BO2 

 

 

Conc. 

VI in presence of the polymer blended base oils 

Base oil, BO1 Base oil, BO2 

P1 P2 P3 P4 P5 P6 P7 P8 P1 P2 P3 P4 P5 P6 P7 P8 

0% 85 85 85 85 85 85 85 85 80 80 80 80 80 80 80 80 

1% 96 98 102 105 98 102 109 118 86 89 95 101 88 92 99 108 

2% 95 101 108 108 103 107 112 121 90 93 98 103 98 99 109 115 

3% 99 104 113 110 111 118 121 128 93 101 111 112 105 112 110 118 

4% 104 111 115 114 117 122 124 132 99 105 114 120 110 113 117 121 

5% 108 116 121 117 120 129 131 135 105 107 113 118 112 117 124 127 

6% 112 119 120 100 130 133 132 137 108 113 118 124 114 122 126 131 
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Table 1.24. Anti-wear data (WSD) in BO1 and BO2 at 20kg and 40 kg load 

 

 

 

 

Concentration 

(%) 

Wear scar diameter (mm) in presence of (BO1) 

20 kg. load 40 kg. load 
 

HIOA-

Styrene 

HIOA HIDA-

Styrene 

HIDA HIOA- 

Styrene 

HIOA 

 

HIDA- 

Styrene 

HIDA 

 

0 1.116 1.116 1.116 1.116 1.123 1.123 1.123 1.123 

1 0.981 0.992 0.961 0.978 0.991 1.072 0.976 1.018 

2 0.920 0.972 0.917 0.956 0.956 0.998 0.965 0.986 

3 0.877 0.893 0.859 0.929 0.897 0.975 0.909 0.938 

4 0.815 0.837 0.802 0.882 0.865 0.937 0.882 0.911 

5 0.744 0.812 0.766 0.856 0.817 0.887 0.788 0.874 

6 0.754 0.801 0.761 0.801 0.784 0.868 0.775 0.841 

 

 

Concentration 

(%) 

Wear scar diameter (mm) in presence of (BO2) 

20 kg. load 40 kg. load 

 

HIOA-

Styrene 

HIOA HIDA-

Styrene 

HIDA HIOA- 

Styrene 

HIOA 

 

HIDA- 

Styrene 

HIDA 

 

0 0.981 0.981 0.981 0.981 0.997 0.997 0.997 0.997 

1 0.969 0.971 0.916 0.961 0.988 0.990 0.916 0.975 

2 0.945 0.962 0.876 0.938 0.975 0.981 0.865 0.946 

3 0.917 0.895 0.864 0.910 0.967 0.975 0.811 0.910 

4 0.893 0.863 0.825 0.886 0.915 0.944 0.795 0.886 

5 0.871 0.842 0.785 0.853 0.877 0.912 0.774 0.871 

6 0.867 0.835 0.765 0.843 0.867 0.886 0.765 0.862 
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Figure 1.42. FT-IR spectra of poly (isodecyl acrylate) 

 

 

Figure 1.43. 
1
H-NMR spectra of poly (isodecyl acrylate) 
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Figure 1.44. 
13

C-NMR spectra of poly (isodecyl acrylate) 

 

 

Figure 1.45. FT-IR spectra of poly (isooctyl acrylate) 
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Figure 1.46. 
1
H-NMR spectra of poly (isooctyl acrylate) 

 

 

Figure 1.47. 
13

C-NMR spectra of poly (isooctyl acrylate) 
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Figure 1.48. FT-IR spectra of IDA + styrene copolymer 

 

 

 
 

Figure 1.49
.  1

H-NMR spectra of IDA + styrene copolymer 
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Figure 1.50. 
  13

C-NMR spectra of IDA + styrene copolymer 

 

 

 

 
Figure 1.51. FT-IR spectra of IOA + styrene copolymer 
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Figure 1.52.

  1
H-NMR spectra of IOA + styrene copolymer 

 

 

 

 

 
Figure 1.53.

  13
C-NMR spectra of IOA + styrene copolymer 

 



102 
 

 
Figure 1.54.

  
Comparison of PWL (Percent of weight loss) of prepared polymers 

 

 
Figure 1.55.

  
Comparison of AW property (WSD in mm) of prepared polymers in BO1 

using 40 kg load. 
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PART-II 
 

Poly acrylate and Ionic liquid 
blend as a multifunctional 

lubricating oil additive 
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Ionic liquids have been attracting a greater than exponential growth of interest in the last decade. 

An ionic liquid (IL) is a salt in the liquid state,
1,2

 in  which the ions are poorly coordinated, 

which results in these solvents being liquid below 100°C, or even at room temperature (room 

temperature ionic liquids, RTIL's).
3-7

 Ionic liquid is stable due to their large size and delocalized 

charge
8
 which reduced their electrostatic force between oppositely charged ions, preventing the 

formation of a stable crystal structure. While ordinary liquids for example water and gasoline are 

principally made of electrically neutral molecules, ionic liquids are basically made of ions and 

short-lived ion pairs. These low melting points are a result of the chemical composition of 

RTILs, which contain larger asymmetric organic cations compared to their inorganic counter-

parts of molten salts: the asymmetry decreases the lattice energy, and hence the melting point, of 

the resulting ionic medium. In some cases, even the anions are relatively large and play a role in 

lowering the melting point.
4
 

ILs comprises of large organic cations like quaternary ammonium, imidazolium or pyridinium 

ions along with anions of smaller size and more symmetrical shape such as Cl
−
, Br

−
, I

−
, AlCl4

−
, 

BF4
−
, PF6

−
, ROSO3

−
, trifluoromethane sulfonate and others. The composition and associated 

properties of IL depend on the cation and anion combinations. 

 Properties, such as polarity, hydrophobicity, melting point, viscosity, solubility and other 

chemical and physical properties of ionic liquid depend on the cationic or the anionic constituent. 

The physicochemical properties of ILs can easily be tailored by varying the 

structure/combination of cation and anion ranging from lipophilic to lipophobic, viscous to non-

viscous, polar to nonpolar, and water miscible to immiscible. Since they are non-flammable, 

non-toxic non-volatile and recyclable, they are classified as green solvents. ILs have been 
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emerged as ―green solvents‖ over the period of time, and the industrial applications of ILs have 

been increasing progressively.  

There are plenty of different cation and anion combinations that may result in salts having low 

melting points; examples of some of the different cation structures and anion pairs that may 

result in an ionic liquid are: 

 

         Due to their remarkable properties, such as outstanding solvating potential,
9
 thermal 

stability
10

 and their tuneable properties by suitable choices of cations and anions,
11

 they are 

considered favourable medium candidates for chemical syntheses (organic, inorganic, or 

polymer) to catalysis, analytical separations, extractions, electrochemistry and so on. Many ionic 

liquids have even been developed for specific synthetic problems. For this reason, ionic liquids 

have been termed "designer solvents". 

         Directing to synthesize an ionic liquid researchers can select a number of small anions, 

such as hexafluorophosphate ([PF6]
–
) and tetrafluoroborate ([BF4]

–
), and plenty of large cations, 

such as 1-hexyl-3-methylimidazolium or 1-butyl-3-methylimidazolium. The first synthesized IL 
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was an ammonium-based one (ethanol ammonium nitrate, EOAN), which was reported by 

Gabriel
12

 in 1888. Ammonium-based ILs have been used extensively as electrolytes in high-

energy electrochemical devices due to their good electrochemical cathodic stabilities, low 

melting points and low viscosities.
13-15

 Ionic liquids are thus "designer solvents". Chemists have 

wide scope to choose and pick among the ions to make a liquid that satisfy a particular necessity, 

such as dissolving certain chemicals in a reaction or extracting specific molecules from a 

solution.
16

 

       Because of this unique structure, ILs possesses several interesting properties that ILs 

possesses several interesting properties that distinguish them from regular liquids and make them 

highly effective lubricating materials: 

1. A wide variety of materials, both organic and inorganic, are soluble in ILs. They can be used 

as base oil or additives for a variety of purposes. It is easy to fine-tune the properties of 

compounds containing ILs by adding various materials. Unusual combinations of ingredients 

provide novel characteristics. 

2. ILs are not particularly volatile. This means that contamination problems inherent to regular 

synthetic lubricating oil can be successfully avoided, making ILs environmentally friendly or 

―green‖ lubricating materials (Zhao
17

, Palacio and Bhushan
18

). The nonvolatility also expands 

application of ILs to high-vacuum systems. 

3. There are a large number of cation and anion species currently available. The estimated 

number of ILs is on the order of millions (Canter
19

). Each IL has its own properties and can be 

utilized according to unique environments. 

4. Outstanding thermal stability is another distinct advantage of ILs. The decomposition of 

synthetic lubricants is always a key factor that limits their application in high temperature 
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environments;  In particular, there is a need for base stock which would be suitable, for example, 

for special bearing applications such as for operation at greater than 250° C, where conventional 

hydrocarbon lubricants start decomposing, but many ionic liquids are stable. Certain types of IL 

can resist temperatures up to 300–400
0
C. Lubricants based on dicationic ILs have been proven to 

work properly at 400
0
C (Jin, et al.

20
). 

The use of ionic liquids in tribology has been steadily increasing. Their properties as lubricants 

have been evaluated in laboratories. Figure 2.0 shows the relationship between the molecular 

structure of ionic liquids and their performance.
21

 Ideally, the anionic moieties should be 

hydrophobic to improve the tribological properties and the thermo-oxidative stability. A higher 

alkyl group in imidazolium ring increases the tribological properties, whereas it causes a decline 

in thermo-oxidative stability. Anti-wear properties of ionic liquids can be enhanced by means of 

additive technology.  

 

                  Fig.2.0. Relation between structure and performance of Ionic liquid 
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The unique properties of ILs differentiate them from conventional synthetic oils used as 

lubricants. Experiments have proven that ILs are superior to other types of lubricants in many 

aspects. In recent years, numerous papers have been published that studied about the potential 

use of ionic liquids (IL) as additives in lubricants.
22-31

 

Zhao et al.
32

 1-Butyl-3-methylimidazolium chloride can be utilized for wax separation from waxy oils 

in the oil industry.  

Blau et al.
33 

studied onAmmonium and Imidazolium cation based Ionic Liquids as lubricant for 

Tribological Characteristics of Aluminum Alloys Sliding against Steel. Jimenez et al.
34 

studied 

on Imidazolium ionic liquids as additives of the synthetic ester propylene glycol dioleate in 

aluminium-steel lubrication. They also worked on Ionic Liquids as Lubricants of Titanium–Steel 

Contact and developed Imidazolium Ionic Liquids with Different Alkyl Chain Lengths as a 

lubricant. Battez
28 

et al. also worked on Tribological behaviour of imidazolium ionic liquids as 

lubricant additives for steel/steel contacts. 

Hernández et. al.
30

 used ethyl-dimethyl-2-methoxyethylammonium tris (pentafluoroethyl) 

trifluorophosphate as lubricant. González et al.
31

 and Blanco et al.
29

 also done the similar work 

using ionic liquid 1-butyl-1-methylpyrrolidinium tris (pentafluoroethyl) trifluorophosphate and 

ethyl-dimethyl-2-methoxyethylammonium tris (pentafluoroethyl) tri-fluorophosphate 

respectively as lubricant. 

There are number of evidence that phosphonium based ionic liquid act as noble lubricant. Zhou 

et al.
35

 used Ionic liquids as lubricating additive containing Phosphonium Cations and 

Organophosphate, Carboxylate, and Sulfonate anions. This study showed the oil solubility of ILs 

seems largely governed by the IL molecule size and structure complexity. When used as oil 
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additives, the ranking of effectiveness in wear protection for the anions are organophosphate > 

carboxylate >sulfonate. 

The tribological properties of the tetraalkyl phosphonium salts examined by Minami et al.
36 

and 

they observed that it is better than those of 1, 3-alkylimidazolium salts. The structure of the alkyl 

group in the phosphonium cation also has a slight effect on the tribological properties of the 

salts.Yu et al.
37

 and Qu et al.
38

 recently described the high miscibility and no corrosive behaviour 

of two phosphonium based ILs as lubricating oil additives. 

The lubricating performance of a series of novel room temperature ionic liquids (ILs) based on 

the trihexyl (tetradecyl) phosphonium cation (P6,6,6,14
+
) and a number of novel anions have been 

studied by Somers et al.
39 

in pin-on-disk tests using a 100Cr6 steel ball on AA2024 aluminium 

disks. The anions coupled to the (P6,6,6,14)
+
 cation include diphenyl phosphate (DPP

−
), dibutyl 

phosphate (DBP
−
), bis (2,4,4-trimethylpentyl) phosphinate (Me3PPh

−
) and bis(2-ethyl hexyl) 

phosphate (BEH
−
). Moretraditional anions such as bis (trifluoromethanesulfonyl) amide (NTf2

−
) 

and bromide (Br
−
) were also investigated. 

Most of the cases ionic liquid used as a base oil lubricant. But presently, spending small quantity 

of ILs as additive, rather than in lion's share as neat lubricants for engine requests seems to be an 

economical option due to the higher cost of ionic liquid. 

The discovery of ILs as high-performance synthetic lubricants
15-30

 immediately attracted 

considerable attention in the field of tribology. Such lubricants have better lubrication 

performance and anti-wear capabilities than conventional lubrication oils. 

Corrosive attack of ILs on lubricated metal surfaces
40-41

 and low miscibility of ILs in the non-

polar oils
37-38 

are major problems in order to maintain an optimum lubrication performance level. 
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Although, some engine suitable non-corrosive ILs can overcomethe miscibility issue by using 

them in their neat form as a lubricant.
40,42

 However, it was observed that the multiple-recycling 

of ILs after use could diminish the overall cost of employing ILs
43 

in real applications. This is 

another cost effective aspect for investigation by the lubricant industry. 

Qu et al.
38 

and Yu et al.
37

 described the high miscibility and no corrosive behaviour of two 

phosphonium based ILs as lubricating oil additives. In the current work, authors of this article 

present their contribution on using the same phosphonium based ILs as additives in engine-aged 

lubricants. This could allow the aged lubricants to recover their tribological performance for 

further use at the end of service life. This extension of service life has the potential to generate 

significant benefits in terms of fuel economy, engine reliability and also by reduced oil 

consumptionand drainage into the environment. Also most of the previous work on phosphonium 

ionic liquid is carried out as neat lubricant, and as an additive in either base oil or new (fresh) 

engine oil.
3,41,37,38,44,45

 

The advantageous properties of ILs have attracted a considerable amount of research attention 

world wide. As mentioned above, various lubricants containing ILs have been examined and 

applied in many fields. Studies regarding ILs‘ tribological properties typically focus on 

improving existing lubricants, reducing friction and wear, and saving energy. The favourable 

physical properties of ILs suggest that they are promising candidates for the next generation of 

lubricants. 

Considering the vast application of phosphonium based ionic liquid as a potential lubricant 

additives we choose and bought (from Sigma-Aldrich) trihexyl tetradecyl phosphonium bis 

(trifluromethyl sulfonyl) amide {[P6,6,6,14]
+
[NTf2]

-
} and blended  it with acrylate polymer and 
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then characterisation and performance (anti-wear, PP,VI etc.) study carried  out taking this 

blending by standard ASTM method. 

References 

     References are given in Bibliography under Chapter-I of Part-II (Page No. 190-195). 
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2.1.1. Introduction 

Ionic liquids (more specifically, room temperature ionic liquids (RTIL)) have attracted great 

interest over the last several years. Ionic liquids (ILs) are broadly referred to as molten salts in 

liquid state. Generally ILs are a specific type of liquid salts with melting temperatures lower than 

100
0
C (212

0
F). Unlike ordinary liquids such as water or alcohol, ILs are mostly composed of 

charged ions as opposed to electrically neutral molecules. 

Ionic liquids have many good features
1-5 

such as low volatility, non-flammability, low 

combustibility, high ionic conductivity, high thermo-oxidative stability, eco-friendly etc. 

Therefore, they should be ideal candidates for new lubricants, suitable for use in severe 

conditions where conventional oils and greases or solid lubricants fail. 

ILs have been the subject of research and development for quite a long time. Ionic liquids (ILs) 

were first reported
6
 as very promising high-performance lubricants in 2001 and have attracted 

considerable attention in the field of tribology since then because of their remarkable lubrication 

and anti-wear capabilities as compared with lubrication oils in general use.
7
 In recent times, we 

have seen dramatically increased interest in this topic. 

The choice of cation and anion in an ionic liquid (IL) as well as the design of ion side chains 

regulate the fundamental properties of ILs, which permits creating suitable lubricants and 

lubricant additives.
8
 Limited results of very recent studies have shown the potential for using 

ionic liquids as a new class of lubricants.
5-7

 Friction and wear reductions have been reported on 

metallic and ceramic surfaces lubricated by selected ionic liquids compared to conventional 

hydrocarbon lubricants. It was also suggested that adding a few percent of ionic liquids could 

improve the lubricating performance of base oils or water.  
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Over the last 15 years, research interest in ILs has expanded into lubrication due to their potential 

performance as neat lubricant or additive.
9-11

 Regarding the use of ILs as neat lubricants, several 

studies have shown great potential for this purpose.
12-14

 But at present, using small quantity of 

ILs as additive, rather than in bulk as neat lubricants, for engine applications seems to be an 

economical option due to the higher cost of ILs. It should be noted, however, that the multiple-

recycling of ILs after usage could diminish the overall cost of employing ILs
15

 in actual 

applications. This is another cost effective aspect for investigation by the lubricant industry. 

The early works were mainly focused on imidazolium cations based ILs.
11

 The interest in 

phosphonium
12

 based ILs has widely grown over the years in line with their increased 

commercial availability. They have been successfully tested for several applications. In this 

study, phosphonium cation and amide anion based ionic liquid was chosen as lubricant additive, 

and studied their different performance such as PPD, VI, anti-wear property in lube oil, as 

described in this article. 

2.1.2. Experiments 

2.1.2.1. Materials  

Toluene, hydroquinone, andH2SO4 were purchased from Merck Specialities Pvt. Ltd. Acrylic 

acid (GC Purity 99%) and decyl alcohol were obtained from Sisco Research Laboratories Pvt. 

Ltd. Ionic liquid [P6,6,6,14]
+
[NTf2]

-
 namely Trihexyl tetradecyl phosphonium bis (trifluromethyl 

sulfonyl) amide was purchased from sigma-aldrichpvt. ltd. and methanol was purchased from 

Thomas baker Pvt. Ltd. and were used as received. Benzoyl peroxide (BZP) obtained from 

LOBA chemical was recrystallized from CHCl3-MeOH before use. Specifications of the 

chemicals are depicted in Table 2.1. Two different base oils (BO1 and BO2) were collected from 

IOCL, Dhakuria, Kolkata, India, and their physical properties are mentioned in Table 2.2. 
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2.1.2.2.   Esterification and homopolymerisation of DA 

Esterification of acrylic acid with decyl alcohols, purification of the prepared esters and 

subsequent homo polymerization were carried out following the procedure as reported earlier 

publications from our laboratory,
16

 also mentioned in chapter II of part I (Page No. 27-28). 

2.1.2.3.    Preparation of IL-Polymer blend 

Polymer-IL blends was prepared by mixing thedecyl acrylate (DA) polymer (P-1) with desired 

amount of IL (100 ppm, 300ppm, 500ppm with respect to the polymer) in a mechanical stirrer at 

60
0
C for one hour. The blended sample was assigned as P-2 (for 100 ppm), P-3 (for 300 ppm) 

and P-4 (for 500 ppm). Four different concentrations (1-4% w/w) of additive (P-1 to P-4) doped 

base oils, namely BO1 and BO2 were prepared by the addition of required amount of sample to 

the base oils. 

2.1.3. Measurements 

2.1.3.1. Spectroscopic measurements 

  The IR spectra of the samples were recorded on a Perkin Elmer FT-IR 8300 

spectrophotometer using 0.1 mm KBr cells at room temperature. The NMR spectra were 

recorded in a 300 MHz BrukerAvance FT-NMR spectrometer using 5mm BBO probe. CDCl3 

was used as solvent and tetramethylsilane (TMS) was used as reference material. 

2.1.3.2. Thermogravetric test 

            The thermograms in air were obtained on a Mettler TA-3000 system, at a heating rate of 

10 K min
–1

 at room temperature under atmospheric pressure taking 0.2 g of each polymer sample 

in a platinum crucible. 
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2.1.3.3. Molecular weight determination by GPC 

The weight average and number average molecular weights (Mw and Mn) and poly dispersity 

indices of the polymers were measured in Water‘s GPC equipment using polystyrene standards 

for calibration in THF phase. Details of the experimental procedure followed were mentioned in 

an earlier publication.
17

 The results are tabulated in Table 2.3. 

2.1.3.4. Pour point determination  

        The pour point of the polymers in base oils was tested according to the ASTM D97-09 

method on a Cloud and Pour Point Tester model WIL-471 (India). 

2.1.3.5. Viscosity index determination   

        Kinematic viscosity (KV) of the polymer was determined separately at 40 ºC and 100 ºC by 

counting the time of flow of polymer solution in base oil using viscometer apparatus and 

measuring the density of it. According to ASTM D-7042 method and also by using the method 

of viscosity index calculation
18

 the viscosity index of each polymer solution was determined. 

2.1.3.6. Shear stability determination  

Shear stability was determined of various concentrated solution of pure DA polymer, DA + Ionic 

liquid blending and Ionic liquid in lube oil. Tests and calculation were conducted as per ASTM 

D- 3945 and ASTM 6022 method. 

2.1.3.7. Anti-wear property determination 

Anti-wear (AW) properties of base stocks as well as additive doped base stocks were studied in 

sliding contact by means of a Four- Ball wear test Machine as per ASTM D-4172 method. The 

tests were carried out employing 20 kg and 40 kg load condition. 
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2.1.4. Results and discussion 

2.1.4.1. Spectroscopic data 

FT-IR spectrum (Figure 1.15), 
1
H-NMR (Figure 1.16) and 

13
C-NMR (Figure 1.17) spectra of 

poly (decyl acrylate) or homo polymer of decyl acrylate (HDA) are discussed in details in 

section B of Chapter I of Part I (Page No. 56-57). 

 IR spectra of ionic liquid + DA blends exhibited ester carbonyl stretching vibration at1715.14 

cm
−1

 (Figure 2.1) which is less than that of HDA ester carbonyl stretching absorption (1732 

cm
−1

). It is due to the fact that after blending some sort of attraction between oxygen lone pair of 

ester carbonyl group with the cationic part of ionic liquid occurred, which lessen the carbonyl 

absorption frequency. 

2.1.4.2. Thermogravimetric analysis  

         Plot of TGA data in Figure 2.2 presents a comparison between the thermal stability of 

homopolymer of DA and its blending with ionic liquid respectively. The analysis reveals that 

blending is thermaly less stable than that of homopolymer. 

2.1.4.3. Performance evaluation of the prepared polymers as PPD  

              The pour point (PP) values of the polymers in both the base oils are tabulated in Table 

2.4, which indicates that their PPD efficiency increases (up to a certain limit) with increasing 

concentration of the polymer in base oils. Comparison among the PP values indicates that the 

efficiency of the polymers as PPD is greater for DA polymers than that of ionic liquid blend.  

2.1.4.4. Photomicrographic analysis 

          The photo micrographs of lube oil (BO2) with and without different additives are shown in 

Figure 2.3 (a–e). Figure 2.3 a, the photograph of the fresh lube oil showed large number of 

crystalline and some needle shaped wax crystals. But by the addition of polymers the wax crystal 
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size [Figure 2.3 (b-e)] is significantly decreased from large crystal structure (base oil) to very 

small dots dispersed in the oil phase of the lube oil, and the polymer which acts as better PPD 

(reveals by PPD data), decreases the wax size more compared to other. Therefore, a correlation 

between the depression of pour point and degree of wax structure modification has been 

confirmed. 

2.1.4.5. Performance evaluation of the prepared polymers as VMs 

           The VI values in two base oils (measured in four different concentrations) tabulated in 

Table 2.4 indicates that in both the base oils the values for  DA homopolymer are greater than 

that of its ionic liquid blend but the difference is small, Also the VI value decreases with 

increasing ionic liquid concentration in the blending feed. This result may be explained on the 

basis of the molecular weight of the polymers. Again, with increase in concentration of the 

polymers in solution, VI increases. The reason may be that although the viscosity of the lube oil 

gets decreased at higher temperature, the polymer molecules may effectively offset this reduction 

in viscosity by thickening the oil changing its shape from tight coil to expanded one due to 

increased polymer-solvent interaction. The result is increase in viscosity of the solution. Again, a 

higher polymer concentration means increase in total volume of polymer coils in the solution 

which imparts a higher VI compared to a low concentrated polymer solution. 

2.1.4.6. Shear stability analysis 

Shear stability determined on the basis of PVL (permanent viscosity loss) and PSSI (percent of 

shear stability index), lesser the value of PVL and PSSI greater the shear stability of the sample. 

Shear stability determination (Table 2.4) clearly indicates that IL+DA blend is more shear stable 

than that of DA polymer and also shear stability increases with the increasing the IL 

concentration in the blend feed. This result can be explained on the basis of the molecular 
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weights of the sample, higher the molecular weight greater the possibility of loss of shear 

stability of the polymer. 

2.1.4.7. Efficiency as anti-wear additive 

Anti-wear contributions of the additives are measured with respect to wear scar diameter (WSD) 

under two load conditions (20 kg, 40 kg). Effect of additive concentration on the anti-wear 

performance is also studied. Experiments are conducted at first with pure base oils followed by 

the additive doped base oils. The WSD measured in all these cases are depicted in Table 2.5 and 

Figure 2.4. As expected, all the samples(P-1 to P-4) show better anti-wear performance 

compared to pure base oils and IL blend polymer(P-2 to P-4) are found to be more efficient than 

that of pure DA homopolymer (P-1). Also the performance increases with increasing the IL 

concentration in the blend feed. Irrespective of base oils or load condition, WSD decreases with 

increasing additive concentration. That is, both the additives are acting more efficiently at higher 

concentration level. Comparison between load conditions indicates that under milder condition 

(20 kg load), additives performance is found better (lower WSD value). 

2.1.5. Conclusions 

Evaluation of performance of the additives indicates that the DA homopolymer act as to some 

extent better PPD and viscosity modifiers compared to its ionic liquid blend, but, DA+ IL blend 

is more shear stable than that of DA homopolymer and shear stability increases with increasing 

the concentration of IL in blending feed. Investigation also indicates that IL blend polymers 

show more efficient anti-wear performance than that of DA homopolymer and the performance 

increases with increasing the concentration of IL in blending feed. 

2.1.6. References 

References are given in Bibliography under Chapter-II of Part-II (Page No. 195-197). 
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Table 2.1. Specification of the chemicals used. 

Chemical name Source Mole fraction purity 

Toluene Merck Specialities Pvt. Ltd. 0.995 

Hydroquinone Merck Specialities Pvt. Ltd. 0.990 

H2SO4 Merck Specialities Pvt. Ltd. - 

Acrylic acid SRL Pvt. Ltd. 0.990 

Decanol S. D. Fine-Chem Ltd. 0.980 

Hexane S. D. Fine-Chem Ltd. 0.995 

Methanol Thomas Baker Pvt. Ltd. 0.980 

Benzoyl peroxide LOBA chemicals 0.980 

[P6,6,6,14][NTf2] Sigma-aldrichPvt. Ltd. - 

 

Table 2.2. Base oil properties. 

 

Properties 

Base oils 

BO1 BO2 

Density at 313 K, kg.m
−3

 836.98 868.03 

Viscosity at 313 K, Pa-s 5.97×10 20.31×10 

Viscosity at 373 K, Pa-s 1.48×10 3.25 ×10 

Cloud point,°C −10 −8 

Pour point,°C −3 −6 

Viscosity index 80 85 

 

Table 2.3. The weight average and number average molecular weights (Mw and Mn) and 

polydispersity of the sample 

 

sample Mn Mw PDI 

P-1 10152 14287 1.40 

P-2 9885 14114 1.42 

P-3 9662 14011 1.45 

P-4 9278 13825 1.49 
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Table 2.4.Tribological performance of the samples in two different base oil. 

sample Conc. 

(%) 

BO1 BO2 

PP VI PVL PSSI PP VI PVL PSSI 

 

 

P-1 

1 -6 95 0.432 8.978 -9 98 0.435 9.768 

2 -9 105 0.811 9.996 -12 110 0.832 10.778 

3 -12 115 1.353 12.411 -15 128 1.436 13.125 

4 -15 124 1.98 16.821 -18 138 2.112 17.835 

 

 

P-2 

1 -6 92 0.374 7.587 -9 95 0.382 8.421 

2 -6 99 0.644 8.456 -9 105 0.657 9.142 

3 -9 109 1.227 10.234 -12 121 1.259 11.247 

4 -12 119 1.59 15.527 -15 129 1.596 16.223 

 

 

P-3 

1 -6 91 0.298 7.214 -9 94 0.311 8.114 

2 -9 97 0.587 8.145 -12 101 0.59 8.985 

3 -9 105 1.14 9.857 -12 117 1.264 10.141 

4 -12 116 1.372 15.114 -15 123 1.415 15.784 

 

 

P-4 

1 -6 91 0.212 6.984 -9 93 0.242 7.128 

2 -9 95 0.478 8.11 -12 98 0.511 8.541 

3 -9 103 0.985 9.114 -12 113 1.1 9.886 

4 -12 111 1.154 14.954 -15 119 1.173 15.211 

PP-Pour Point, VI-Viscosity Index, PVL-Permanent Viscosity Loss, PSSI-Percent of Shear 

Stability Index. 

 

Table 2.5. Anti-wear Performance of Additive Doped Base Oil 

sample Base 

oil 

WSD(mm) of additive-base oil blends 

20 kg load 40 kg load 

  0% 1% 2% 3% 4% 1% 2% 3% 4% 

P-1 BO1 0.981 0.976 0.967 0.952 0.931 0.978 0.974 0.965 0.939 

BO2 1.116 1.101 1.084 1.068 1.061 1.104 1.088 1.071 1.065 

P-2 BO1 0.981 0.973 0.963 0.948 0.925 0.974 0.967 0.959 0.929 

BO2 1.116 1.085 1.068 1.054 1.047 1.095 1.079 1.065 1.054 

P-3 BO1 0.981 0.967 0.957 0.941 0.919 0.969 0.962 0.952 0.922 

BO2 1.116 1.080 1.061 1.048 1.043 1.09 1.073 1.059 1.048 

P-4 BO1 0.981 0.961 0.952 0.934 0.912 0.962 0.954 0.943 0.914 

BO2 1.116 1.072 1.054 1.04 1.033 1.081 1.064 1.05 1.041 
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Figure 2.1.  FT-IR spectra of Ionic liquid and poly (decyl acrylate) blend 
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Figure 2.2. Plot of PWL (Percent Weight Loss) vs Temperature (in K) 
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                      6(a)                                          6(b)                  6(c) 

             Base oil (BO2)                             P-1 (3%)                                 P-2 (3%) 
  

                                              

                                          6(d)                                         6(e) 

                                         P-3 (3%)               P-4 (3%) 
 

Figure 2.3(a-e).  Plot of Photomicrographic images of base oil and additive (P-1, P-2, P-3 

and P-4) doped base oil 

 
Figure 2.4. Plot of WSD (Wear Scar Diameter) vs Concentration (%) of polymer in lube oil 



125 
 

 

 

 

 

PART-III 
 

 

MULTIFUNCTIONAL Vegetable oil 
polymer as a 

LUBRICATING OIL ADDITIVE 
 

 

 

 

 

 

 



126 
 

 

 

 

 

CHAPTER-I 

 
 

BACKGROUND OF THE PRESENT 

INVESTIGATION 
 

 

 

 

 

 

 

 

 



127 
 

Mineral   oil   and   synthetic   oil   from   petrochemical   are   principally used as base oil in 

present lubricant industry. Petroleum is vital to the maintenance of industrialized civilization. 

The major volume products of the petroleum industry are fuel oil and gasoline. Also petroleum is 

the raw material for many chemical products including pharmaceuticals, fertilizers, solvents, 

pesticides, and plastics. The petroleum  resources  are  exhausting rapidly  and one  of  the  main  

problems  of  the 21 
st
 century is the imbalance between the  rate  of   production  of petroleum 

oil from  older  inland  oil  fields  with the rate  of  finding  new  reserves. 

As the days past, due to depleting finite resources of petroleum crude oil, there remains growing 

risk of exhaustion of the existing reserves and oil prices.
1
 Petroleum products are poorly 

degradable
2
 and cause severe environmental hazards when released.

3
The  spilling  of  mineral  

oil  causes  negative  effect  on  the  land and water reserve which severely affects  the  

agricultural  growth.  With an increasing emission of green house gases, petroleum oils pollute 

the air, soil, and drinking water and affect human and plant life to a great extent.
4
 

Therefore, strict specifications in certain specific areas are necessary on various environmental 

issues such as toxicity, biodegradability, health, and safety
5
 which leads to a better investigation 

based on greener technology. The utilization of natural and renewable raw materials, can 

sometime meet the principles of green chemistry, such as a built-in design for degradation or an 

expected lower toxicity of the resulting products
6
. Thus they can considerably contribute to a 

sustainable development wherever and whenever possible. Due to the increasing depletion of 

crude oil reserves, prices of crude oil, the environmental hazard caused by mineral oils, 

increasing global concern for a pollution-free environment and extreme demand of lubricants the 

industries are driven to find out more variety of effective eco-friendly lubricants with quality 

quite superior to those based on petroleum oil.
7,8,9

 One of the easily available and commercially 
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viable biodegradable, less toxic lubricants and lubricating additives are vegetable oils. Vegetable 

oils, the most significant renewable raw material for the chemical industry
10 

are extensively used 

as a potential source of eco-friendly lubricants.
11-16

 In the chemical industry most extensively 

used renewable raw materials for nonfuel applications are plant oils, polysaccharides (mainly 

cellulose and starch), wood, sugars, and others. These are ideal as lubricant because they are 

biodegradable 
16-20

 and have net zero greenhouse gases.  

There are several vegetable oils derived from various sources. These include oilseed oils - 

soybean, cottonseed, sunflower oils, pea-nuts; and others such as palm oil, palm kernel oil, castor 

oil, coconut oil, rapeseed oil and others. They also comprise the less commonly known oils such 

as rice bran oil, patua oil, niger seed oil, piririma oil and numerous others. Their yields, different 

compositions and by extension their physical and chemical properties determine their usefulness 

in various applications aside edible uses. Among them Palm oil, cottonseed oil, olive oil, peanut 

oil, and sunflower oil etc are classed as Oleic – Linoleic acid oils seeing that they contain a 

relatively high proportion of unsaturated fatty acids, such as the monounsaturated oleic acid and 

the polyunsaturated linoleic acid.
21-22

 They are characterized by a high ratio of poly unsaturated 

fatty acids to saturated fatty acids. Presence of high proportion of unsaturation favours the 

synthesis of polymer which leads to the formulation of lube oil additives.  

Engine lubricants formulated from vegetable oils have the following advantages deriving from 

the base stock chemistry: 

i. Higher Lubricity resulting in lower friction losses, and hence more power and better fuel 

economy.
 23

 

ii. Higher viscosity indices.
23
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iii. Lower volatility resulting in decreased exhaust emission.
23

 

iv. Higher shear stability. 

v. Higher detergency eliminating the need for detergent additives. 

vi. Higher dispersancy. 

vii. Rapid biodegradation and hence decreased environmental / toxicological hazards.
24

  

The lubricant industry is always looking for new technology to improve product performance. 

The performance targets shift over time as market demands change and the industry continually 

reaches new levels. A new subset of performance criteria has now been introduced to the 

lubricant market, namely, environmental performance. During the last couple of decade‘s 

environmental awareness has risen considerably. The lubricants industry has developed many 

specification and regulations to define what an environment friendly biodegradable lubricant 

product is and the performance specifications it must meet. Biodegradable means sample to be 

consumed by microorganisms and return to compounds found in nature. The most common 

lubricant specification for biodegradability is >60% biodegradation in 28 days by Organisation 

for Economic Cooperation and Development (OECD) 301 (4) or ASTM methods. Biodegradable 

lubricants have been in the market for some time; but it was not until recently, through a 

combination of government regulation and consumer demands, that an available marketplace for 

products with high levels of environmental performance has arisen. 

Vegetable oil are principally triesters or triglycerides of long chain fatty acids (both saturated and 

unsaturated) combined with glycerol (Figure 2(a)). The fatty acids are all of similar length (14–

22 carbons long) with varying levels of unsaturation.
15, 25, 26

 Most vegetable oils have separate 
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regions of polar and non-polar groups in the same molecule. Due to presence of polar groups in 

plant oil  which makes it amphiphilic,  allowed it to be used as both boundary and hydrodynamic 

lubricant.
10,27

 The vegetable oils have been charecterised as having many favourable natural 

properties including renewability, biodegradability
28

, and nontoxicity with excellent tribological 

properties.
29,30

 They have also many advantages such as low volatility due to high molecular 

weight triglyceride molecule, good boundary lubrication characteristics due to the polar ester 

group and high viscosity index, high solubilising power for polar contaminants. 
9, 12, 14, 31-39

 There 

are also some examples where vegetable-based oils have been utilised as lubricating oils as an 

substitute to petroleum-based base oils.
15, 40, 41

 

 

Figure 3.0. General structure of triglyceride structure present in vegetable oil 

However the vegetable oils also possess some inferior qualities such as low oxidative and 

hydrolytic stability, high temperature sensitivity in tribological behavior, poor cold flow 

properties, higher cost, and gumming effect
42-44 

etc. Among them, the two vital problems are 

poor cold flow properties
45, 46, 47, 48-51 

and low resistance to thermal and oxidative stability.
14, 52-57

 

Low oxidation and thermal stability along with poor low-temperature properties, however, limit 

their potential application as industrial lubricants
58

. The main reason for the thermal and 

oxidative instability of plant oils is the ―double bond‖ elements in the fatty acid part and the ―-

CH group‖ of the alcoholic components.
12, 53,51,59,60

 The greater the level of unsaturation, the 

more susceptible the oil becomes to oxidation.
36, 37

 Oxidative degradation results an increased 
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viscosity that limits the useful life span of vegetable oil base fluids.
54

 Also Cloudiness and 

solidification become apparent in vegetable oil at low temperatures upon prolonged exposure to 

low temperature.
61, 62

 The triglyceride structure is also responsible for the inherent disabilities of 

vegetable oils. So, their use as base fluids in the formulation of industrial lubricants is very 

limited. Therefore petroleum based lubricants are still leading in the market. Chemically or 

genetically modified vegetable oils
51, 63 

are now used to formulate environmentally benign 

lubricants. But their application as a base fluid is still not prevalent due to economical reasons 

and their insufficiency to meet bulk demands.  

Although acrylate based additives of many different types have been developed to serve the 

needs of modern lubricants
64

, they are very harmful for the environment. The vegetable oils can 

be used as additives
65-67 

in the design of biolubricants, and their application as ecofriendly
30

 

multifunctional additives not only increases the lifetime of engines but also increases its field 

application. Therefore, though the biolubricating oil may act as an effective alternative to 

conventional lubricants, they are associated with certain advantages
11-14, 16, 68-70

 and 

disadvantages.
14,52-56,47,48-50

 These disadvantages need to be addressed before commercializing 

the production of biolubricants. Conversion of alkene groups of vegetable oil to other stable 

functional groups can improve the oxidative stability,
12,71,72

 whereas reducing structural 

uniformity of the oil by attaching alkyl side chains would improve low temperature performance 

of the plant oil.
73

  

Numerous modern technologies have been used to solve the matters regarding the application of 

plant oils as lubricants. These include additive treatment, genetic modification and chemical 

modification.
32

 So, if the thermal stability and fluidity at low temperature of the oil can be 

effectively increased by chemical modification.
74

 then their use as an additive into the lube oil 
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will not only add or improve performance but will also maintain its cost effectiveness. However, 

low thermal stability and low resistance to thermal oxidative still remains a key drawback of 

using plant oil in lubricants.
12

  

There exist several references on the use of modified vegetable or plant oils as base oil or lube 

oil additive.  

 Sony and Agarwal presented a survey report based on biolubricants containing plant oils as base 

fluids for their excellent lubricity, biodegradability, viscosity-temperature characteristics and low 

volatility
75

.Maleque et al. reported an article that explains a case study on biodegradable 

vegetable oil based lubricating oil additives with specific properties and application and uses 

palm oil methyl ester as an additive.
65

 

Durak and Karaosmanoglu showed that cottonseed oil could be used as an additive of friction 

modifier very well.
76

 Lathi and Mattiasson reported a novel process for the production of 

biodegradable lubricant base stocks from epoxidized vegetable oil with a lower pour point.
77 

Asadauskas and Erhan in 1999 reported that addition of 1% pour point depressant depressed pour 

points down to -33°C for canola and -24°C for high-oleic sunflower oils.
50 

Mendoza et 

al.
78

developed a formulated sunflower base oil for hydraulic systems of agricultural tractors with 

a biodegradability of 89 %, an improved pour point of -270C (being -30C for the sunflower base 

oil) and an improved oxidation stability. This formulated oil avoids the formation of 

microweldings and fulfils the requirements of the reference mineral oil for extreme pressure 

tribological tests. 

Hwang et al.
59 

produced soybean oil-based lubricants by reacting epoxidized soybean oil (ESBO) 

with various alcohols (methanol, 1-butanol, 2-butanol, 1-hexanol, cyclohexanol, 2, 2- dimethyl-
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1-propanol, and 1-decanol) in presence of sulfuric acid. The modification of ESBO improved the 

oxidative stability and pour point property. Erhan et al.
14

 has reported excellent oxidation and 

low temperature stability of vegetable oil based lubricants using different kind of soybean oil and 

sunflower oil. Impacts of two fatty acidic di ethanol amide borates as additives on 

biodegradability and lubricity of an unreadily biodegradable mineral lubricating oil were studied 

by Boshui et al.
79

 which showed tribological activity. 

Nassar et al. prepared homopolymer of jojoba oil and its six copolymers with different 

alkylacrylate, and α-olefins. The prepared polymers were evaluated as viscosity index improvers 

and pour point depressants for lubricating oil.
80

 

Ghosh et al.
81

 prepared some copolymers of sunflower oil with different mass fraction of decyl 

acrylate, methyl methcrylate and styrene and evaluated their property as VI, PPD in base oils. 

Later, the author reported biodegradable homopolymers of sunflower oil and soybean oil and 

evaluated their performance as Viscosity Index Improver (VII) and Pour Point Depressant (PPD) 

for lube oils.
82

 In another work,
83

 the author carried out synthesis of homopolymer of sunflower 

oil by two different ways - thermal method and microwave irradiation method using benzoyl 

peroxide as initiator. Performance evaluation of the polymers as PPD, Viscosity Modifier (VM) 

and anti-wear additives in two different base oils was carried out. The author extended their 

research for some biodegradable Soybean oil polymers.
84 

The work comprises the synthesis of its 

copolymers with methyl acrylate, 1-decene and styrene. Performance evaluations of the 

polymers as PPD, VM and anti-wear in different base oils (mineral oil) were indicated.  

Some patents are also there regarding vegetable oil or plant oil used as base oil or lube oil 

additives. U. S. Patent No. 4873008 has explained the synthesis and use of improved lubricant 
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base composition comprising ingredients selected from jojoba oil, sulfurized jojoba oil, and a 

phosphite adduct of jojoba oil. U. S. Patent No. 6534454 B1 describes about biodegradable 

vegetable oil composition for lubricants.   

U. S. Patent No. 4970010 A discloses the use of vegetable oil and vegetable oil derivatives as 

lubricant additives. U. S. Patent No. 5229023 discloses synthesis and evaluation of telomerized 

vegetable oil based lubricant additives which can be used as thermal oxidative stability 

enhancers and viscosity improvers. 

U. S. Patent No. 4152278 describes anti-wear, friction modifier and extreme pressure lubricant 

additives of some wax ester prepared entirely from acids obtained from hydrogenated vegetable 

oils.U. S. Patent No. 5888947 A describes vegetable oil lubricants principally derived from 

castor or lesquerella and the vegetable wax from jojoba or meadow foam oil for internal 

combustion engines. 

In the International Conference on Chemical Processes and Environmental issues (ICCEEI'2012) 

held on July 15-16, 2012 at Singapore, the synthesis of pour point depressant from sunflower oil 

has been discussed. Thus there exists an ample opportunity to work on this area in order to 

develop environmental benign lube oil additives with better performance than the conventional 

synthetic chemical based additive. 

As reported earlier the use of vegetable oils has been used mostly to improve tribological 

performance and thermal stability of base oils. But their use as pour point depressant and 

viscosity modifier is not very common. As is already described, additive performances of sole 

vegetable oils are not very encouraging. So to use them as bio lubricant, the present work 

comprises the copolymerisation of alkyl acrylates or α-olefin with vegetable oil in order to utilize 
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renewable resource and to induce biodegradability into the conventional Lube Oil Additive 

(LOA) to make an attempt to solve environmental issues related to petroleum lubricants to some 

extent. 

References 

    References are given in Bibliography under Chapter-I of Part-III (Page No. 197-206). 
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3.1.1. Introduction 

Modern lubricants are formulated from a range of base fluids and chemical additives.The 

function of additives is either to enhancean already-existing property of the base fluid or to add 

anew property. Viscosity index improvers, detergent dispersant, antioxidant, anti-wear agent, 

antifoamingagents, emulsifiers, demulsifiers, pour point depressants etc.are examples of different 

kinds of additives. Among them most important are PPDs
1, 2

and VMs.
3, 4

 

There are many additives are used as PPDs
5,6 

and VMs.
7-9 

Most ofthe present day additives are 

synthetic acrylate
10-12 

based ,but because of  potent toxicity  environment prevent them to 

become a noble additives. Therefore, the development of eco-friendly lubricants has become the 

primary concern of the present decade. Plant oils are substitute as base fluid for biolubricants
13-19 

because of their excellent lubricity, viscosity-temperature characteristics and mainly for their 

biodegradability.  

Concerning this background the present work involves the synthesis of homopolymer of rice 

bran oil (RBO) and copolymers of rice bran oil with dodecyl acrylate (DDA) and styrene 

respectively followed by characterization of them (by thermogravimetric, gel permeation 

chromatography [GPC], and spectral analysis) and evaluation of their biodegradability, additive 

performance (as PPDs and VMs) in lubricating oil by standard ASTM methods. 

3.1.2. Experiments 

3.1.2.1. Materials  

Toluene, hydroquinone, and H2SO4 were purchased from Merck Specialities Pvt. Ltd. Acrylic 

acid (GC Purity 99%) and dodecyl alcohol were obtained from Sisco Research Laboratories Pvt. 

Ltd. Hexane and styrene was purchased from S D Fine Chem. Ltd. Rice bran oil was collected 

from local market and methanol was purchased from Thomas baker Pvt. Ltd. and were used as 
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received. Benzoyl peroxide (BZP) obtained from LOBA chemical was recrystallized from 

CHCl3-MeOH before use. Specifications of the chemicals are depicted in Table 3.1. Two 

different base oils (BO1 and BO2) were collected from IOCL, Dhakuria, Kolkata, India, and 

their physical properties are mentioned in Table 3.2. 

3.1.2.2. Preparation of rice bran oil polymer 

Synthesis of homopolymer of RBO by thermal method (named as P-0) was performed at 90
0
C in 

a three necked round bottom flask for 6 h without adding any solvent. The flask was fitted with a 

magnetic stirrer, condenser, thermometer, and an inlet for the introduction of nitrogen. 10 g of 

the monomer was introduced in it and heated at 90
0
C for 30 min. Then, 0.1 % BZP was added to 

it as an initiator and the mixture was heated at 90
0
C with continuous stirring. The reaction occurs 

via radical mechanism. After the desired time, the flask was cooled to room temperature, and to 

terminate the polymerization the reaction mixture was poured into methanol with stirring until 

the precipitation was completed. It was then purified by repeated precipitation of its hexane 

solution by methanol followed by drying under vacuum at 40
0
C. 

3.1.2.3. Preparation of DDA (dodecyl acrylate) ester 

The preparation and purification of DDA from acrylic acid and dodecyl alcohol was carried out 

by following the method (Chapter II of Part I, Page No. 27-28) reported earlier from our 

laboratory.
11

 

3.1.2.4. Preparation of copolymers 

The rice bran oil+DDA and rice bran oil+styrene copolymers were prepared by using different 

concentrations of DDA and styrene (10%, 20%, and 30% [w/w]) with rice bran oil, P-1 to P-3, 
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and P-4 to P-6, respectively. The radical polymerization was carried out following the method 

(Chapter II of Part I, Page No. 28-29) as reported elsewhere.
15

 

3.1.3. Measurements 

3.1.3.1. Spectroscopic measurements 

 The IR spectra of the samples were recorded on a Perkin Elmer FT-IR 8300 

spectrophotometer using 0.1 mm KBr cells at room temperature. The NMR spectra were 

recorded in a 300 MHz Bruker Avance FT-NMR spectrometer using 5mm BBO probe. CDCl3 

was used as solvent and tetramethylsilane (TMS) was used as reference material. 

3.1.3.2. Thermogravimetric test 

The thermograms in air were obtained on a Mettler TA-3000 system, at a heating rateof 10 K 

min
–1

. 

3.1.3.3. Molecular weight determination by GPC 

The weight average and number average molecular weights (Mw and Mn) and poly dispersity 

indices ofthe polymers were measured in Water‘s GPC equipment using polystyrene standards 

for calibration inTHF phase. Details of the experimental procedure followed were mentioned in 

an earlier publication.
15

 The results are tabulated in Table 3.3. 

3.1.3.4. Pour point determination  

 The pour point of the polymers in base oils was tested according to the ASTM D97-09 method 

on a Cloud and Pour Point Tester model WIL-471 (India). 

3.1.3.5. Photographic measurement 

The photomicrograph analysis for wax behaviour of lube oil (BO2) without and with polymers at 
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3% (w/w) concentration has been recorded. A Banbros polarizing microscope model BPL-400B 

was used for photographic analysis.  

3.1.3.6. Viscosity index determination   

Kinematic viscosity (KV) of the polymers was determined separately at 40 ºC and 100 ºC by 

counting the time of flow of polymer solution in base oil using viscometer apparatus and 

measuring the density of it. According to ASTM D-7042 method and also by using the method 

of viscosity index calculation
4
 the viscosity index of each polymer solution was determined. 

3.1.3.7. Biodegradability test 

Biodegradability of the polymers was tested (a) by the disc diffusion method against five 

different fungal pathogens, namely, Colletotrichum camelliae, Fusarium equiseti, Alternaria 

alternata, Colletotrichum gloeosporioides, and Curvularia eragrostidis following the method as 

reported earlier
20

 taking homopolymer of dodecyl acrylate (HDDA) as reference and (b) by the 

soil burial degradation test
21

 of polymer sample films as per ISO 846:1997 as per the earlier 

literature report.
20-22

 

3.1.4. Results and discussion: 

3.1.4.1. Spectroscopic data 

FT-IR spectra (Figure 3.1) of rice bran oil homopolymer showed absorption at 1745.03 cm
–1

 due 

to ester CO stretching vibration along with other peaks. In its 
1
H NMR spectra (Figure 3.2), the 

polymer showed a broad singlet ranging between 4.12 to 4.31 ppm due to the -OCH2 protons of 

rice bran oil and in 
13

C NMR spectrum (Figure 3.3) it showed peak at 174.35 ppm of ester 

carbonyl carbon.  
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FT-IR spectra of rice bran oil+DDA (Figure 3.4) exhibited absorption at 1732.0 cm
–1

 due to 

ester CO stretching vibration along with other peaks at 1456.2, 1260, 1164 and 1112.9 cm
−1

 and 

peak at 723.3 cm
−1

 was appeared due to C-H bending. In its 
1
H NMR spectra (Figure 3.5), the 

polymer showed a broad singlet ranging between 4.02 and 4.31 ppm due to the -OCH2 protons of 

rice bran oil and DDA along with the –CH3 protons ranging between 0.86 and 0.90 ppm together 

with –CH2 protons ranging between (1.26 and 1.60) ppm. The formation of the copolymer was 

further indicated by the absence of sp
2
 hydrogen in its 

1
H and sp

2
carbon in 

13
C NMR spectrum 

(Figure 3.6), respectively.  

FT-IR spectra of rice bran oil+styrene copolymer (Figure 3.7) exhibited absorption at 1732 cm
−1

 

for the ester CO stretching vibration along with other peaks at 1456, 1378, 1244, 1174, and 724 

cm
−1

. In its 
1
HNMR spectra (Figure 3.8), the polymer showed a broad singlet ranging between 

4.11 and 4.3 ppm due to the proton of -OCH2 group of RBO along with the –CH3 protons at 0.88 

ppm and – CH2 protons ranging between 1.26 and 1.62 ppm. In its 
13

C- NMR spectra (Figure 

3.9) the ester carbonyl carbon showed peak at 172 ppm and the carbon of phenyl part of styrene 

showed peak in the region 127-130 ppm. The extent of incorporation of styrene in the polymer 

chain was also determined through a comparison of area of –OCH2 group at 4.06 ppm in the area 

of signal due to phenyl protons at 8.07 ppm based on earlier reports
23

 as well as on the basis of 

our earlier paper.
24

 

3.1.4.2. Thermogravimetric analysis 

Plot of TGA data in Figure 3.10 presents a comparison between the thermal stability of the 

homopolymer of rice bran oil and its copolymers with DDA and styrene respectively. The 

analysis reveals that copolymers are more stable than that of homopolymer and for both set of 

copolymers, thermal stability increases with increasing concentration of DDA and styrene in the 
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feed and the rice bran oil + DDA copolymers are more stable than the corresponding rice bran oil 

+ styrene copolymers. 

3.1.4.3. Performance evaluation of the prepared polymers as PPD  

The pour point (PP) values of the polymers in both the base oils are tabulated in Table 3.4, 

which indicates that their PPD efficiency increases (up to a certain limit) with increasing 

concentration of the polymer in base oils. Comparison among the PP values indicates that the 

efficiency of the polymers as PPD is greater for DDA copolymers than the styrene copolymers. 

Again, the efficiency in base oil, BO1 is greater than that of in BO2. 

3.1.4.4. Photomicrographic analysis 

The photo micrographs of lube oil (BO2) with and without different additives are shown in 

Figure 3.11(a–h). Figure 3.11a, the photograph of the fresh lube oil showed large number of 

crystalline and some needle shaped wax crystals. But by the addition of polymers the wax crystal 

size [Figure 3.11(b-h)] is significantly decreased from large crystal structure (base oil) to very 

small dots dispersed in the oil phase of the lube oil, and the polymer which acts as better PPD 

(reveals by PPD data), decreases the wax size more compared to other. Therefore, a correlation 

between the depression of pour point and degree of wax structure modification has been verified. 

3.1.4.5. Performance evaluation of the prepared polymers as VMs 

The VI values in two base oils (measured in five different concentrations) tabulated in Table 3.4 

indicates that in both the base oils the values for homopolymer are lower than that of 

copolymers. Among copolymers the values are greater for rice bran oil+DDA copolymers than 

that for respective rice bran oil+styrene copolymers. Both for DDA and styrene copolymers, the 

VI value increases with decreasing RBO concentration in the copolymer feed. This result may be 
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explained on the basis of the molecular weight of the polymers. Again, with increase in 

concentration of the polymers in solution, VI increases. The reason may be that although the 

viscosity of the lube oil gets decreased at higher temperature, the polymer molecules may 

effectively offset this reduction in viscosity by thickening the oil changing its shape from tight 

coil to expanded one due to increased polymer-solvent interaction. The result is increase in 

viscosity of the solution. Again, a higher polymer concentration means increase in total volume 

of polymer coils in the solution which imparts a higher VI compared to a low concentrated 

polymer solution.
25

 

3.1.4.6. Analysis of biodegradability test results  

Biodegradability test results (Table 3.5) with both set of copolymers showed significant 

biodegradability against the fungal pathogens, Colletotrichum camelliae and Alternaria 

alternata, though the result is better for the rice bran oil+DDA copolymers. Soil burial test 

results also indicated similar extent of biodegradability. Change in molecular weight also 

supported the biodegrable nature of the polymers (Table 3.3). It was further confirmed by the 

shift of IR frequency of the ester carbonyl after the test is over (Figure 3.12, 3.13 and 3.14). 

HDDA does not show any weight loss under identical experimental conditions and thus 

confirmed its non-biodegradable nature. 

3.1.5. Conclusions 

1. The rice bran oil + DDA copolymers are thermally more stable than the rice bran oil + 

styrene copolymers and in turn more stable than homopolymer of rice bran oil. Again 

thermal stability increases with increasing concentration of styrene and DDA in the 

copolymers. 
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2. Evaluation of performance of the additives indicates that the rice bran oil + DDA 

copolymers act as better PPD and viscosity modifiers compared to the RBO + styrene 

3. Investigation also indicates that although the homopolymer of rice bran oil is 

considerably biodegradable but it gains poor thermal stability and average performance 

as a PPD and VM. On the other hand copolymers showed biodegradability in addition to 

the multifunctional additive performance (PPD and VM), and so are considered as being 

more useful in field applications compared to the existing additives. 

3.1.6. References 

References are given in Bibliography under Chapter-II of Part-III (Page No. 206-208). 
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Table 3.1. Specification of the chemicals used 

Chemical name Source Mole fraction purity 

Toluene Merck Specialities Pvt. Ltd. 0.995 

Hydroquinone Merck Specialities Pvt. Ltd. 0.990 

H2SO4 Merck Specialities Pvt. Ltd. - 

Acrylic acid SRL Pvt. Ltd. 0.990 

Dodecanol S. D. Fine-Chem Ltd. 0.980 

Hexane S. D. Fine-Chem Ltd. 0.995 

Styrene Across Organics. 0.950 

Methanol Thomas Baker Pvt. Ltd. 0.980 

Benzoyl peroxide LOBA chemicals 0.980 

Rice bran oil Local Market - 

 

Table 3.2. Base oil properties 

 

Properties 

Base oils 

BO1 BO2 

Density at 313 K, kg.m
−3

 836.98 868.03 

Viscosity at 313 K, Pa-s 5.97 ×10 20.31×10 

Viscosity at 373 K, Pa-s 1.48 ×10 3.25 ×10 

Cloud point,°C −10 −8 

Pour point,°C −3 −6 

Viscosity index 80 85 

 

Table 3.3. The weight average and number average molecular weights (Mw and Mn) and 

polydispersity of the polymers before and after biodegradability test 

 

Polymer samples Before biodegradability test After biodegradability test 

Mn Mw PDI Mn Mw PDI 

P-0(10:0) 11352 16547 1.45 9321 14536 1.55 

P-1(9:1) 20503 27323 1.33 17865 24895 1.39 

P-2(8:2) 25953 33523 1.29 21712 31247 1.43 

P-3(7:3) 38362 46264 1.20 34231 43135 1.26 
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P-4(9:1) 14274 19213 1.34 12115 17426 1.43 

P-5(8:2) 16936 22721 1.34 14487 20147 1.39 

P-6(7:3) 18932 24365 1.28 16548 22335 1.34 

P-0 (homopolymer of RBO), P-1 to P-3 (RBO: DDA) and P-4 to P-6 (RBO:styrene) w/w, Mn = number average 

molecular weight; Mw = weight average molecular weight; PDI = poly dispersity index. 

 

Table 3.4. Pour point (in 
0
C) and VI values of polymers in different concentration 

Property/base    

oil/(PP/VI) 

Conc., 

% 

Sample 

P-0 P-1 P-2 P-3 P-4 P-5 P-6 

 

PP/BO1(-3) 

1 −6 −6 −12 −15 −6 −9 −12 

2 −9 −9 −15 −18 −9 −12 −15 

3 −9 −12 −18 −21 −12 −15 −18 

 

PP/BO2/(-6) 

1 −9 −9 −15 −18 −9 −12 −15 

2 −12 −12 −18 −21 −12 −15 −18 

3 −12 −15 −21 −24 −15 −18 −21 

 

 

VI/BO1(80) 

1 86 98 100 112 96 98 107 

2 90 101 104 118 98 102 115 

3 96 107 116 125 104 110 123 

4 100 109 120 136 107 116 129 

5 105 119 126 140 115 123 137 

 

 

VI/BO2(85) 

1 94 115 119 121 104 116 120 

2 98 118 123 129 107 117 126 

3 102 128 133 135 110 119 132 

4 109 131 138 142 121 130 138 

5 115 135 141 148 129 133 139 

BO = base oil; PP = pour point; VI = viscosity index. 
 

Table 3.5. Result of biodegradability test by the disc diffusion method and soil burial 

degradation 

sample Weight loss in disc diffusion method, g Pathogens used Weight loss in soil 

burial degradation, g CC FE AA CG CE 

P-0 0.39 0 0.59 0 0 0.38 

P-1 0.35 0 0.51 0 0 0.33 

P-2 0.27 0 0.46 0 0 0.29 

P-3 0.26 0 0.38 0 0 0.24 

P-4 0.25 0 0.35 0 0 0.20 

P-5 0.18 0 0.29 0 0 0.17 

P-6 0.13 0 0.28 0 0 0.13 

HDDA 0 0 0 0 0 0 

CC = Colletotrichum camelliae; FE = Fusarium equiseti; AA = Alternaria alternata; CG = 

Colletotrichum gloeosporioides; CE= Curvularia eragrostidis. 
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Figure 3.1.  FT-IR spectra of rice bran oil homopolymer 

 

 

Figure 3.2.  
1
H NMR spectra of Rice bran oil homopolymer 
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Figure 3.3.  
13

C - NMR spectra of Rice bran oil homopolymer 

 

 

 

Figure 3.4.  FT-IR spectra of rice bran oil + DDA copolymer (P-2) 
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Figure 3.5.  

1
H NMR spectra of Rice bran oil + DDA copolymer (P-2) 

 

 

Figure 3.6.  
13

C- NMR spectra of Rice bran oil + DDA copolymer (P-2) 
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Figure 3.7.  FT-IR spectra of rice bran oil + styrene copolymer (P-5) 

 

 
Figure 3.8.  

1
H NMR spectra of Rice bran oil + Styrene copolymer (P-5) 
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Figure 3.9.  
13

C- NMR spectra of Rice bran oil + Styrene copolymer (P-5) 

 

 

Figure 3.10. Plot of PWL (Percent Weight Loss) vs Temperature (in K) 
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          2(a)                            2(b)                               2(c)                       2(d)                      

Base oil (BO2)                       P-0 (3%)               P-1 (3%)                   P-2 (3%)  
       

            

                2(e)                  2(f)                                2(g)       2(h) 

P-3 (3%)  P-4 (3%)                       P-5 (3%)    P-6(3%) 

 

Figure 3.11(a-h).  Plot of Photomicrographic images of base oil and additive (P-0, P-1, P-2, 

P-3, P-4, P-5 and P-6) doped base oil 

 

 

Figure 3.12. Comparative FT-IR spectra of Rice bran oil homopolymer (P-0) before and 

after disc diffusion test 
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Figure 3.13. Comparative FT-IR spectra of Rice bran oil + DDA copolymer (P-2) before 

and after disc diffusion test 
  

 
Figure 3.14. Comparative FT-IR spectra of Rice bran oil + styrene copolymer (P-5) before 

and after disc diffusion test 
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3.2.1. Introduction 

Engine oil is basically a combination of base oil and additives. Additives are chemical 

compounds necessary to provide performance beyond what base oils alone are able to offer. Base 

oils can be considered as a carrier for the additive. Many Different oil manufacturers can employ 

the same base stock for each formulation and can elect different additives for each specific 

request. Nearly all commercial motor oils contain additives, whether the oils are synthetic or 

petroleum based. Oil additives play a vital role for the proper lubrication and prolonged use of 

engine oil in modern internal combustion engines. Without many of these, the oil would become 

contaminated, break down, leak out, or not properly protect engine parts at all operating 

temperatures. 

There are many additives are used as PPDs
1, 2

 and VMs.
3-5

 Most of the present day additives are 

synthetic acrylate
6-8

 based, but because of potent toxicity
9,10

 environment prevent them to 

become a noble additives. 

Vegetable oil lubricants provide a renewable source of environmentally friendly
11-16

 lubricants, 

relating to the lubricant‘s ability to biodegrade into harmless products. Now a days there has 

been an increased concern in enhancing the use of biodegradable plant oils in lubricants, mostly 

by environmental as well as health and safety issues, emerging due to changes in economic and 

supply factors. 

India has a great potential of producing edible and non edible tree borne oils, which remain 

untapped and can be used as potential source for vegetable oil based lubricants with an objective 

of ecological compatibility in addition to technical performance. The ample availability and the 

relatively low cost make plant oils an industrially attractive raw material for the lubricant 

industry. 
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Concerning this background the present work is to synthesis of homopolymer of palm oil (PO) 

and copolymers of palm oil with decyl acrylate (DA) followed by characterization of them (by 

thermogravimetric, gel permeation chromatography [GPC], and spectral analysis) and evaluation 

of their biodegradability, shear stability, additive performance (as PPDs, VMs) in lubricating oil 

by standard ASTM methods. 

3.2.2. Experiments 

3.2.2.1. Materials 

         Toluene, hydroquinone, and H2SO4 were purchased from Merck Specialities Pvt. Ltd. 

Acrylic acid (GC Purity 99%) and Decyl alcohol were purchased from Sisco Research 

Laboratories Pvt. Ltd. Hexane was obtained from S D Fine Chem. Ltd. Palm oil was collected 

from local market and methanol was purchased from Thomas baker Pvt. Ltd. and were used as 

received. Benzoyl peroxide (BZP) obtained from LOBA chemical was recrystallized from 

CHCl3-MeOH before use. Specifications of the chemicals are showed in Table 3.6. Two 

different base oils (BO1 and BO2) were collected from IOCL, Dhakuria, Kolkata, India, and 

their physical properties are mentioned in Table 3.7. 

3.2.2.2. Preparation of palm oil polymer 

         Homopolymer of Palm oil (PO, named as P-1) was synthesised by polymerisation reaction 

following the same procedure as mentioned in Chapter II of Part I, Page No. 28.  

3.2.2.3. Preparation of DA (Decyl acrylate) ester 

         Decyl acrylate was prepared from acrylic acid and decyl alcohol by esterification reaction.
7
 

The purification of ester and polymerisation was carried out by following the method
7
 reported 

earlier (Chapter-II of Part-1, Page No. 48).         
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3.2.2.4. Preparation of copolymers 

The copolymer of Palm oil + DA was prepared by using different concentrations of DA (10%, 

20%, and 30% [w/w]) with palm oil, P-2, P-3 and P-4 respectively. The polymerization was 

carried out following the method
17

 as mentioned earlier (Chapter-II of Part-1 Page No. 48). 

3.2.3. Measurements 

3.2.3.1. Spectroscopic measurements 

 The IR spectra of the samples were recorded on a Perkin Elmer FT-IR 8300 

spectrophotometer using 0.1 mm KBr cells at room temperature. The NMR spectra were 

recorded in a 300 MHz Bruker Avance FT-NMR spectrometer using 5mm BBO probe. Here 

CDCl3 was used as solvent and tetramethylsilane (TMS) was used as reference material. 

3.2.3.2. Thermogravetric test 

            The thermograms in air were obtained on a Mettler TA-3000 system, at a heating rate of 

10 K min
–1

. 

3.2.3.3. Molecular weight determination by GPC 

           The number average and weight average molecular weights (Mw and Mn) and poly 

dispersity indices of the polymers were measured in Water‘s GPC equipment using polystyrene 

standards for calibration in THF phase. Details of the experimental procedure followed were 

mentioned in an earlier publication.
17

 The results are tabulated in Table 3.8. 

3.2.3.4. Pour point determination  

           The pour point of the polymers in base oils was tested according to the ASTM D97-09 

method on a Cloud and Pour Point Tester model WIL-471 (India). 

3.2.3.5. Photographic measurement  

            The photomicrograph analysis for wax behaviour of lube oil (BO2) without and with  
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polymers at 3% (w/w) concentration has been recorded. A Banbros polarizing microscope model 

BPL-400B was used for photographic analysis.  

3.2.3.6. Viscosity index determination   

            Kinematic viscosity (KV) of the polymers was determined separately at 40 ºC and 100 ºC 

by counting the time of flow of polymer solution in base oil using viscometer apparatus and 

measuring the density of it. According to ASTM D-7042 method and also by using the method 

of viscosity index calculation
 
the viscosity index of each polymer solution was determined. 

3.2.3.7. Shear stability determination   

 Shear stability was determined of various concentrated solution of homopolymer of palm 

oil and it‘s copolymer with DA and tests were conducted as per ASTM D-3945 method.  

3.2.3.8. Biodegradability test 

            Biodegradability of the polymers was tested (a) by the disc diffusion method against five 

different fungal pathogens, namely, Colletotrichum camelliae, Fusarium equiseti, Alternaria 

alternate, Colletotrichum gloeosporioides and Curvularia eragrostidis following the method as 

reported earlier
18

 taking homopolymer of decyl acrylate (HDA) as reference and (b) by the soil 

burial degradation test
19

 of polymer sample films as per ISO 846:1997 as per the earlier literature 

report.
18-20

 

 3.2.4. Results and discussion 

3.2.4.1. Spectroscopic data 

The IR absorption of the homopolymers of palm oil (PO) (Figure 3.15) in the region 1741.78 

cm
-1

 showed the presence of ester carbonyl groups. Peaks at 2921.18, 2852.21 cm
-1

 for C–H 

stretching and 1456.83-1375.72 cm
-1

 are due to C-O stretching vibration. The absorption bands 

at 975.11, 722.82 cm
−1

 were due to the bending vibration of C–H bonds of –CH3 and –CH2 
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groups. The absence of peaks in the range of 1600-1700 cm
-1

 for olefinic bonds indicates the 

formation of homopolymer. In its 
1
H NMR spectra (Figure 3.16) the polymer showed a broad 

singlet of  -OCH2 protons ranging between 4.11 and 4.32 ppm along with the –CH3 protons 

ranging between 0.85 and 0.89 ppm together with –CH2 protons ranging between (1.25 and 1.62) 

ppm. Absence of sp
2
 hydrogen in its 

1
H NMR between 4.5 - 6 ppm proves the formation of 

polymer. In its 
13

C NMR spectra (Figure 3.17) peak at 173.98 ppm was due to the carbony 

carbon of ester and the absence of sp
2
 carbon peak in the range of 130-150 ppm proves the 

formation of polymer. 

              FT-IR spectra of palm oil + DA (Figure 3.18) exhibited broad absorption at 1744.03 

cm
–1

 due to ester CO stretching vibration along with other peaks at 1456.2, 1275.72 cm
−1

 (C-O 

stretching vibration). Peak at 984.94, 810.09, 722.34 cm
−1

 was appeared due to C-H bending 

along with other peaks at 2925.64 cm
–1

 for stretching vibration of C–H bond. In its 
1
H NMR 

spectra (Figure 3.19) the polymer showed a broad singlet of  -OCH2 protons ranging between 

4.09 and 4.28 ppm along with the –CH3 protons ranging between 0.86 and 0.90 ppm together 

with –CH2 protons ranging between (1.23 and 1.60) ppm. The formation of the copolymer was 

further supported by the absence of sp
2
 hydrogen in its 

1
H and sp

2
 carbon in 

13
C NMR spectrum 

(Figure 20), respectively.  

3.2.4.2. Thermogravimetric analysis  

     Plot of TGA data in Figure 3.21 presents a comparison between the thermal stability of 

homopolymer of palm oil and its copolymers with DA. The analysis discloses that copolymers 

are more stable than that of homopolymer and thermal stability increases with increasing 

concentration of DA in the feed which are in concordance with their molecular weight data 

(Table 3.8). 
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3.2.4.3. Performance evaluation of the prepared polymers as PPD  

              The pour point (PP) values of the polymers in both the base oils are tabulated in Table 

3.9, which indicates that their PPD efficiency increases (up to a certain limit) with increasing 

concentration of the polymer in base oils. Comparison among the PP values indicates that the 

efficiency of the polymers as PPD is greater for copolymer than that of homopolymer.  

3.2.4.4. Photomicrographic analysis 

The photo micrographs of lube oil (BO2) with and without different additives are shown in 

Figure 3.22(a–e). Figure 3.22a, the photograph of the fresh lube oil showed large number of 

crystalline and some needle shaped wax crystals. But by the addition of polymers the wax crystal 

size [Figure 3.22(b-e)] is significantly decreased from large crystal structure (base oil) to very 

small dots dispersed in the oil phase of the lube oil, and the polymer which acts as better PPD 

(reveals by PPD data), decreases the wax size more compared to other. Therefore, a correlation 

between the depression of pour point and degree of wax structure modification has been verified. 

3.2.4.5. Performance evaluation of the prepared polymers as VMs 

           The VI values in two base oils (measured in five different concentrations) tabulated in 

Table 3.9 indicates that in both the base oils the values for homopolymer are lower than that of 

copolymer and the VI value increases with increasing DA concentration in the copolymer feed. 

This result may be explained on the basis of the molecular weight of the polymers.  Again, with 

increase in concentration of the polymers in solution, VI increases for both homopolymer and 

copolymer. The reason may be that although the viscosity of the lube oil gets decreased at higher 

temperature, the polymer molecules may effectively compensated this reduction in viscosity by 

thickening the oil, changing its shape from tight coil to expanded one due to increased polymer-

solvent interaction. The result is increase in viscosity of the solution. Again, a higher polymer 
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concentration means increase in total volume of polymer coils in the solution which provide a 

higher VI compared to a low concentrated polymer solution. 

3.2.4.6. Shear stability analysis 

Kinemetic viscosity (KV) data (Table 3.10) and PSSI and PVL values (Table 3.11) indicate less 

shear stability of copolymer than homopolymer. It also denotes increase of PSSI values with 

increase in concentration of all above mentioned polymers in base oil which signify the gradual 

loss in shear stability. The prediction is the direct reflection of the molecular weight values of the 

polymers as shown in Table 3.8. Higher molecular weight of the polymer results in greater 

hydrodynamic volume and thus susceptible to break down under shear. 

3.2.4.7. Analysis of biodegradability test results 

             Biodegradability test results (Table 3.12) with both set of copolymers showed 

significant biodegradability against the fungal pathogens, Colletotrichum camelliae and 

Alternaria alternata, the result is better for the palm oil + DDA copolymer. Soil burial test 

results also indicated similar extent of biodegradability. Change in molecular weight also 

supported the biodegrable nature of the polymers (Table 3.8). It was further confirmed by the 

shift of IR frequency of the ester carbonyl after the test is over (Figure 3.23 and 3.24). HDA 

does not show any weight loss under identical experimental conditions and thus confirmed its 

non-biodegradable nature. 

3.2.5. Conclusions 

1. The palm oil + DA copolymers are thermally more stable than homopolymer of palm oil. 

Again thermal stability increases with increasing concentration of DA in the copolymers. 

But, shear stability of homopolymer of palm oil is more than that of its DA copolymer and 

shear stability decreases with increasing concentration of DA in the copolymers. 
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2. Performance evaluation of the additives indicates that the palm oil + DA copolymer act as 

better PPD and viscosity modifiers compared to the palm oil homopolymer. 

3. Study also reveals that although the homopolymer of palm oil is considerably biodegradable 

but it gains poor thermal stability and average performance as a PPD and VM. On the other 

hand copolymer of palm oil with DA showed biodegradability in addition to the 

multifunctional additive performance (PPD and VM), and so are considered as being more 

useful in field applications compared to the existing additives. 

3.2.6. References 

References are given in Bibliography under Chapter-III of Part-III (Page No.208-210). 
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Table 3.6. Specification of the chemicals used. 

Chemical name Source Mole fraction purity 

Toluene Merck Specialities Pvt. Ltd. 0.995 

Hydroquinone Merck Specialities Pvt. Ltd. 0.990 

H2SO4 Merck Specialities Pvt. Ltd. - 

Acrylic acid SRL Pvt. Ltd. 0.990 

Decanol S. D. Fine-Chem Ltd. 0.980 

Hexane S. D. Fine-Chem Ltd. 0.995 

Methanol Thomas Baker Pvt. Ltd. 0.980 

Benzoyl peroxide LOBA chemicals 0.980 

Palm oil Local Market - 

 

Table 3.7. Base oil properties. 

 

Properties 

Base oils 

BO1 BO2 

Density at 313 K, Kg.m
−3

 839.98 940.03 

Viscosity at 313 K, in cst 6.808 22.953 

Viscosity at 373 K,in cst 1.792 3.927 

Cloud point,°C −5 −8 

Pour point,°C −3 −6 

Viscosity index 80 85 

 

Table 3.8. The weight average and number average molecular weights (Mw and Mn) and 

polydispersity of the polymers before and after biodegradability test. 

Polymer samples Before biodegradability test After biodegradability test 

Mn Mw PDI Mn Mw PDI 

P-1(10:0) 10352 14547 1.40 8321 12536 1.50 

P-2(9:1) 17503 24323 1.38 14865 21895 1.47 

P-3(8:2) 22953 30523 1.32 18712 28247 1.50 
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P-4(7:3) 34362 42264 1.22 30231 39135 1.29 

P-1 (homopolymer of PO), P-2 to P-4 (PO: DA) w/w, Mn = number average molecular 

weight; Mw = weight average molecular weight; PDI = poly dispersity index. 

 

Table 3.9. Pour point (in 
0
C) and VI values of polymers in different concentration. 

Property/base    

oil/(PP/VI) 

Conc., 

% 

Sample 

P-1 P-2 P-3 P-4 

 

PP/BO1(-3) 

1 −3 −6 −9 −12 

2 −6 −9 −12 −15 

3 −9 −12 −12 −15 

 

PP/BO2/(-6) 

1 −6 −9 −12 −12 

2 −9 −12 −15 −18 

3 −12 −12 −18 −18 

 

 

VI/BO1(80) 

1 87 92 95 99 

2 92 96 101 105 

3 97 101 110 115 

4 101 105 118 122 

5 106 110 121 129 

 

 

VI/BO2(85) 

1 93 96 100 102 

2 99 105 108 113 

3 106 109 115 120 

4 110 115 124 127 

5 114 120 131 138 

BO = base oil; PP = pour point; VI = viscosity index. 

 

Table 3.10. Kinematic Viscosity Values of the Additives Doped in Base Oil 

Conc. 

(%) 

KV (at 373K) 

before shear  after shear 

Base oil P-1 P-2 P-3 P-4 P-1 P-2 P-3 P-4 

0% 
BO1 1.79 1.79 1.79 1.79 1.79 1.79 1.79 1.79 

BO2 3.92 3.92 3.92 3.92 3.92 3.92 3.92 3.92 

1% 
BO1 2.00 2.05 2.08 2.10 1.97 2.01 2.03 2.04 

BO2 4.07 4.11 4.17 4.21 4.05 4.08 4.13 4.15 

2% 
BO1 2.05 2.09 2.13 2.16 2.01 2.04 2.06 2.08 

BO2 4.15 4.25 4.31 4.41 4.11 4.19 4.23 4.30 

3% 
BO1 2.10 2.13 2.21 2.27 2.04 2.06 2.11 2.15 

BO2 4.27 4.33 4.46 4.57 4.20 4.25 4.33 4.41 

4% 
BO1 2.15 2.17 2.29 2.34 2.07 2.08 2.16 2.17 

BO2 4.35 4.46 4.68 4.76 4.26 4.33 4.48 4.51 

5% 
BO1 2.21 2.21 2.33 2.39 2.11 2.11 2.17 2.20 

BO2 4.45 4.57 4.88 5.12 4.33 4.42 4.60 4.75 
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Table 3.11. PVL and PSSI Values of the Additives Doped in Base Oil 

Conc. 

(%) 

PVL 
 

PSSI 

Base oil P-1 P-2 P-3 P-4 P-1 P-2 P-3 P-4 

1% 
BO1 1.44 1.99 2.29 2.8 13.7 15.6 16.2 18.7 

BO2 0.49 0.6 0.95 1.2 13.4 15.1 16.3 18.5 

2% 
BO1 1.94 2.34 3.19 4.01 15.2 16.3 20.1 23.0 

BO2 0.81 1.26 1.82 2.53 15.1 16.5 20.2 23.0 

3% 
BO1 2.17 3.19 4.56 5.23 18.6 20.0 24.1 24.7 

BO2 1.52 1.91 2.93 3.47 18.8 20.3 24.4 24.4 

4% 
BO1 3.7 4.05 5.49 6.99 21.8 23.2 25.0 29.7 

BO2 2.11 2.77 4.14 5.16 21.4 23.1 25.6 29.3 

5% 
BO1 4.2 4.64 6.88 7.97 22.1 24.1 29.5 31.6 

BO2 2.62 3.38 5.85 7.31  22.1 23.9 29.7 31.2 

 

 

Table 3.12. Result of biodegradability test by the disc diffusion method and soil burial 

degradation. 
 

sample Weight loss in disc diffusion method, g Pathogens used Weight loss in soil 

burial degradation, g CC FE AA CG CE 

P-1 0.38 0 0.57 0 0 0.37 

P-2 0.35 0 0.49 0 0 0.31 

P-3 0.26 0 0.46 0 0 0.25 

P-4 0.24 0 0.39 0 0 0.22 

HDA 0 0 0 0 0 0 

CC = Colletotrichum camelliae; FE = Fusarium equiseti; AA = Alternaria alternata; CG = 

Colletotrichum gloeosporioides; CE= Curvularia eragrostidis. 
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Figure 3.15.  FT-IR spectra of Palm oil polymer 

 

 
 

Figure 3.16.  
1
H- NMR spectra of palm oil polymer 
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Figure 3.17.  
13

C- NMR spectra of palm oil polymer 

 

 
 

Figure 3.18.  FT-IR spectra of Palm oil + DA copolymer (P-3) 
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Figure 3.19.  
1
H NMR spectra of Palm oil + DA copolymer (P-3) 

 

 
 

Figure 3.20.  
13

C- NMR spectra of Palm oil + DA copolymer (P-3) 
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Figure 3.21. Plot of PWL (Percent Weight Loss) vs Temperature (in K) 

  

                           

                     2(a)         2(b)     2(c) 
        Base oil (BO2)         P-1 (3%)         P-2 (3%) 
 

                                                        

                           2(d)           2(e) 

             P-3 (3%)            P-4 (3%) 

Figure 3.22(a-e).  Plot of Photomicrographic images of base oil and additive (P-1, P-2, P-3, 

P-4) doped base oil 
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Figure 3.23. Comparative FT-IR spectra of Palm oil homopolymer (P-1) before and after 

disc diffusion test 
 

 
 

Figure 3.24. Comparative FT-IR spectra of Palm oil+DA copolymer (P-3) before and after 

disc diffusion test 
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Homopolymer of myristyl acrylate was synthesized by two different ways; microwave (MW) assisted method and 
thermal method using benzoyl peroxide (BZP) and azobis iso butyro nitrile (AIBN) as initiator. Additive performances  
of each of them as viscosity modifier (VM) for lubricating oil (lube oil) were also evaluated by standard ASTM  
methods. Thermal stability of the polymers was determined by thermo gravimetric analysis and shear stability of each of the 
polymers were also studied in different concentration of base oil. A comparison of their performances has also been 
evaluated and reported. 

Introduction 

Base fluids mineral oil, used as lubricant, generally 
cannot satisfy the requirements of high performance 
lubricants used in modern additive technology.  
The additives1 used are synthetic chemicals that  
can improve or add performances of lubricants.  
Some additives impart new and useful properties to 
the lubricant; some enhance properties already 
present, while some act to reduce the rate at which 
undesirable changes take place in the product during 
its service life. One of the important property of the 
base oil which is modified by the lubricating additives 
is viscosity index2-4 and the additive imparting the 
property is called Viscosity index improvers (VII) or 
viscosity modifier5 (VM). They are long chain, high 
molecular weight polymers used to resist the change 
of viscosity of the oil by increasing the relative 
viscosity of oil more at high temperatures than at low 
temperatures6-8. The performance of VMs is generally 
expressed in terms of Viscosity Index (VI), which is 
an arbitrary number 9 that indicates the resistance  
of a lubricant to viscosity change with temperature. 
The higher the VI, the less the changes of viscosity of 
oil for a given temperature change. The performance 
of the VII depends on the behaviour of the polymer 
molecules in the oil, where the polymer solubility, 
molecular weight and resistant to shear degradation 
are determinant parameters. Oil thickening property10 

of the polymer, which is a direct measure of percent 
increase in the viscosity of the base stocks for 
addition of its unit amount of weight  can also be 
taken as the measure of extent of interaction of the 
polymer with the base stock, greater the thickening 
property; greater is the extent of interaction. Fuel 
economy may also be predicted by the thickening 
power of a lube oil additive. Although high thickening 
power of high molecular weight polymer makes them 
economically more effective but the inferior shear 
stability11,12 results rapid loss of viscosity in service. 
Therefore, it is necessary to obtain an optimal relation 
between viscosity index improving quality and shear 
stability of the polymer. Shear stability is expressed in 
term of permanent viscosity loss (PVL) or permanent 
shear stability index (PSSI) 13. Microwave irradiation 
is a well-known method for heating and drying 
materials and is utilized in many private households 
and industrial applications for this purpose. Both 
organic and inorganic reactions undergo an immense 
increase in reaction speed under microwave 
irradiation14 compared with conventional heating. 
Significant improvements in yield and selectivity 
have also been observed as a consequence of the  
fast and direct heating of the reactants themselves. 
Furthermore, high-pressure synthesis is easily 
accessible for reactions performed in closed vessels, 
facilitating the use of low boiling solvents and thereby 
paving the way to environmentally benign reaction 
conditions. With this view in mind and as a part of 
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our ongoing studies on the synthesis and evaluation of 
polymeric additives, presently we have synthesized 
poly myristyl acrylate by using BZP and AIBN  
(both in thermal and microwave process) separately. 
VI, PVL and PSSI property of each of the additives 
were evaluated in two different base oils.  
 

Materials and methods  

Acrylic acid (GC Purity 99%) obtained from 
Thomas Baker, India. Myristyl alcohol (GC Purity 
98%) obtained from S.D. Fine chemicals Ltd. India. 
Hydroquinone obtained from S.D. Fine chemical Ltd., 
India. Benzoyl peroxide (GC Purity 98%) obtained 
from LOBA Chemicals Pvt. Ltd., India, was purified 
by crystallization from methanol-chloroform mixture. 
AIBN obtained from Spectrochem Pvt. Ltd., India and 
Toluene (GC Purity 99.5%) obtained from Merck, 
India, was used as a solvent. 

 

 

Preparation of monomer (myristyl acrylate) 

The monomer myristyl acrylate was prepared by 
reacting acrylic acid with myristyl alcohol (1:1 molar 
ratio). The reaction was carried out in a three necked 
round bottom flask in the presence of concentrated 
sulphuric acid as a catalyst, 0.25% hydroquinone as 
polymerization inhibitor for acrylic acid, and toluene 
as a solvent under continuous air bubbling. The 
reactants, which were mixed with toluene, was 
continuously refluxed and heated gradually from 
room temperature to 403K using a well-controlled 
thermostat. The extent of reaction was followed by 
monitoring the amount of liberated water in dean 
stark apparatus to give the ester, myristyl acrylate. 
 

Purification of the Prepared Acrylate Ester  

The prepared ester was purified by the method as 
described in our earlier publication15.  
 

Thermal Polymerization  

The polymerization16 was carried out in a four-
necked round bottom flask equipped with a stirrer, 
condenser, thermometer, and an inlet for the 
introduction of nitrogen. The desired mass (20 g) of 
MA (Myristyl Acrylate) and initiator (BZP/AIBN) 
(0.5 g) were added in the round bottom flask in  
five different lots during reaction in toluene (10 ml)  
as solvent. The reaction temperature was maintained 
at 353 K for 6 h. At the end of reaction time,  
the reaction mixture was poured into methanol  
with stirring to terminate the polymerization and 
precipitate the polymer. The polymer was further 

purified by repeated precipitation from its hexane 
solution by methanol followed by drying under 
vacuum at 313 K. 
 

Microwave Assisted Polymerization 

Polymerization was carried out in a focused  
mono-mode microwave oven (CEM corporation, 
Matthews, NC) applying 300 WT for 15 minute at 
90°C without any solvent by adding 0.01% (w/w) 
BZP or AIBN with respect to the monomer as 
initiator17 .The desired mass (20 g) of MA (Myristyl 
acrylate) and initiator (BZP/AIBN) (0.5 g) were taken 
in vial and sealed with a Teflon septum. Then argon 
was bubbled through the solution to get oxygen free 
atmosphere. The reaction mixture was magnetically 
stirred at 90 °C with microwave heating for 30 min 
applying 300 WT without any solvent, which were 
subsequently quenched by quickly cooling to room 
temperature and purified following the procedure  
as mentioned above.  
 

Measurements 
 

Spectroscopic Measurements  

IR spectra were recorded on a Shimudzu FT-IR 
8300 spectrometer using 0.1 mm KBr cells at room 
temperature within the wave number range 400 to 
4000 cm-1. NMR spectra were recorded in Brucker 
Avance 300 MHz FT-NMR spectrometer using 5 mm 
BBO probe. CDCl3 was used as solvent and TMS  
as reference material. 
 

Determination of intrinsic viscosity and viscometric molecular 

weight of the polymers 

Intrinsic viscosity and viscometric molecular 
weight were determined by using the experimental 
viscosity of the polymer solutions in Huggins  
(eq.1) and Mark Houwink – Sukurda equation  
(eq.2) respectively18. 
 

Huggins (H)     CkC hhh
sp 2




            ... (1) 
 
Where, C is mass concentration, sp = r –1,sp is the 
specific viscosity, r t/t0, r is the relative viscosity 
or viscosity ratio (where t is the time of flow of the 
solution and t0 is the time of flow of the pure solvent). 
hintrinsic viscosity, respective to Huggins 
equation, kh is the Huggins coefficient. According to 
Mark Houwink – Sukurda (eq. 2), the value of 
intrinsic viscosity changes with the molecular weight 
of the polymer in a solvent as: 
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KMa   ... (2) 
 

Where, [], the intrinsic viscosity, can be calculated 
by using Huggins equation, parameter ‘K’ and ‘a’ 
depends on the type of polymer, solvent and 
temperature. For the determination viscosity – 
average molecular weight of polyacrylate system, the 
constants K = 0.00387 dl/g and a = 0.725 were 
employed in Mark Houwink – Sukurda relation. 
 

Thermo Gravimetric Analysis (TGA)  
The thermo grams in air were obtained on a mettler 

TA – 3000 system, at a heating rate of 10oC / min. 
 

Viscosity index determination 

Kinematic viscosity (KV) of polymyristyl acrylate 
doped base oil was determined separately in 40 oC 
and 100 oC by counting the time of flow of polymer 
solution in base oil and the density was determined by 
the equation,   KV= (Kt – L/t) d, where K and L are 
viscometric constant and their values, 0.03853 and 
2.46896 respectively are determined by taking toluene 
as solvent. ‘t’ and ‘d’ are the time of fall and density 
of the solution respectively. With this the viscosity 
index of each polymer solution was determined as per 
ASTM D-7042 method and also by using the method 
of viscosity index calculation reported in litersature19 
 

Shear stability determination  

Shear stability of the lube oil additive is one of the 
important criteria that determine its suitability in a 
lubricant formulation. The shear stability of the doped 
additive has strong influence on multigrade engine 
oil’s ability to retain its viscosity under shearing 
conditions, experienced by the lubricant while in use. 
The loss of viscosity of a lubricant under shear can  
be of two kinds, namely a temporary viscosity loss 
(TVL) or a permanent viscosity loss (PVL)20. PVL is 
similar to TVL, except that the viscosity loss is 
measured by KV before and after shear. The PVL 
values are more frequently expressed in terms of 
shear stability index (SSI). Shear stability of the 
various solution of pure polymyristyl acrylate in lube 
oils (BO1 and BO2) was determined as per ASTM  
D - 3945 method by the relations, PVL = (Vi – Vs)/Vi 
and SSI = (Vi – Vs / Vi – V0) , where V0 = Kinematic 
viscosity (KV) of the base oil before addition of 
polymer, Vi = KV of unshared solution, Vs = KV of 
sheared solution. KV of the base oil and sheared 
polymer solution in base oil was determined by 
ASTM D- 445 procedure. Properties of the base oils, 
BO1 and BO2 are given in Table 1, below. 

Results and Discussion 

All the polymers showed similar peaks in their IR 
and NMR (1H and 13C) spectrum. The IR absorption 
at 1730 cm-1 showed the presence of ester carbonyl 
group. Peak at  1190 cm-1  was due to the ester  
C-O stretching vibration and peaks in the range 
1053.8 cm-1 to 721.8 cm-1 for C-H bending 
vibrations. The 1HNMR signal centred at δ 3.642 
ppm indicates the presence of –OCH2 group of 
acrylate chain. Absence of peak between δ 5 to  
δ 6 ppm indicates the absence of olefinic double 
bond. The proton decoupled 13C-NMR of the  
above sample was in complete agreement with the 
homopolymer which shows the presence of ester 
carbonyl group at δ 174.47 ppm and absence of  
any sp2 carbon in the range 130-150 ppm. The TGA 
data showed (Table 2) that the thermal stability  
of P-1 and P-2 and that of P-3 and P- 4 are more or 
less similar but thermal stability of P-3 is much 
better than P-1 and similarly that of P- 4 is more  
than P-2. The stability data also indicated that 
irrespective of the nature of the initiator, polymer  
P-3 and P- 4 (prepared by microwave assisted 
method) is more linear than P-1 and P-2 (prepared 
by thermal method) respectively, since branching  
in polymer chain induces instability21. The study 
reveals that with increasing concentration of polymer 

Table 1—Base oil properties 

Properties BO1 BO2 
Density (g.cm-3)  

at 40°C 
0.868 0.97 

Viscosity at  
40°C in cSt 

22.879 110.053 

Viscosity at  
100°C in cSt 

3.685 10.526 

Viscosity Index 61.34 82.00 
Cloud Point, °C -8 -8 
Pour Point, °C -6 -6 

 
 

Table 2—Thermal Stability (TGA) and Percent Weight Loss 
(PWL) data of the polymers 

Sample Polymerization Process Decom. 
Temp., o C 

PWL 

P-1 Thermally with BZP 255/366 13/84 
P-2 Thermally with AIBN 260/269 13/85 
P-3 Microwave method  

with BZP 
277/395 15/94 

P-4 Microwave method  
with AIBN 

280/399 15/95 

Decom. Temp., oC - Decomposition temperature. 
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Table 3—VI values of the Additives Doped in Base Oil 

Sample Base  
oil 

Additives doped based oil 
1% 2% 3% 4% 5% 

P-1 BO1 70.3 77.6 85.2 91.6 97.5 
BO2 89.5 97.6 105.4 114.0 119.5 

P-2 BO1 71.3 78.8 87.4 92.5 98.4 
BO2 90.5 98.4 106.6 115.3 120.3 

P-3 BO1 71.2 78.4 86.4 92.5 98.3 
BO2 90.6 98.5 106.7 115.7 121.0 

P-4 BO1 71.7 79.3 88.0 92.9 98.7 
BO2 91.6 99.8 108.3 117.3 121.5 

 
 

Table 4—[η ]h
a and [ Mh]b of Polymers 

Sample [ η ]h
a [ Mh]b 

P-1 2.397 7095 
P-2 2.498 7511 
P-3 2.599 7933 
P-4 2.776 8687 

a Intrinsic Viscosity, b Viscometric Molecular Weight of Polymer 
according to Mark Houwink – Sukurda relation 

 
in lube oil the VI value increases (Table 3). A 
possible explanation for that is, with increasing 
temperature the polymer molecules change from 
tight coil to expanded ones as a result of increasing 
the interaction between the polymer chain and  
the base oil22. This increase in volume causes  
an increase in the viscosity of the mixture and  
offsets the normal reduction in viscosity of  
the oil with increasing temperature. The increase  
of concentration of the polymer also leads to an 
increase in total volume of polymer micelles in  
the oil solutions. Consequently, a high concentration 
of polymer in base oils will impart a high viscosity 
index rather than a low concentration of the  
same polymer23. Studies also indicate that shear 
stability of P-1 is more than that of P-2 and P-3 is 
more than P- 4 (Figure 1 and 2 and also Figure 3  
and 4) which can be explained by the respective 
molecular weight data (Table 4). Higher the 
molecular weight the lower is the shear stability  
and greater is the PVL and PSSI value (Figure 1-4). 
Thus the shear stability of VM is influenced by  
the nature of the initiator rather than the way of 
polymerization process. The lower decomposition 
temperature of AIBN compared to BZP may be 
responsible for giving high mol wt polymer and 
hence the less shear stable products. 

 
 

Fig. 1—Comparison of PVL among P-1, P-2, P-3, P-4 in different 
concentration (percentage) in base oil BO1 

 

 
 
Fig. 2—Comparison of PVL among P-1, P-2, P-3, P-4 in different 
concentration (percentage) in base oil BO2 
 

 
 
Fig. 3—Comparison of PSSI among P-1, P-2, P-3, P-4 in different 
concentration (percentage) in base oil BO1  
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Fig. 4—Comparison of PSSI among P-1, P-2, P-3, P-4 in different 
concentration (percentage) in base oil BO2 
 

Conclusion 

1. Viscosity index of AIBN initiated polymer is 
more than that of BZP initiated both in thermal and 
microwave condition. 

2. Shear stability of the VM is influenced by  
the nature of the initiator rather than the way 
polymerization process. Initiator BZP provides better 
shear stability compare to AIBN. 

3. Irrespective of the nature of the initiator, 
polymer prepared by microwave assisted method 
showed better thermal stability over the  one prepared 
by thermal method. 
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Homo polymers (two homopolymers and six copolymers) of isodecyl acrylate and isooctyl acrylate and their respective 
copolymers with styrene were synthesized using benzoyl peroxide as initiator and characterized by spectral analysis, gel 
permeation chromatography and thermogravimetric measurements. Pour point (PP),viscosity index (VI) and anti wear (AW) 
performance of the additive doped base oils were evaluated to check the efficiency of the polymers as pour point depressant 
(PPD), viscosity index improver (VII) also known as viscosity modifier (VM) and anti wear (AW) additives for lube oil. A 
comparison of the above performances between the respective homopolymers and the copolymers is also analysed and 
reported. Analysis of different properties indicates that the isodecyl acrylate polymers have better lube oil additive property 
than that of isooctyl acrylate polymers. VI, PPD and AW values of the polymers doped in base oils depend on the nature of 
mineral base oils, polymer types and also on the concentration of the additives.  

Keyword: Pour point, Viscosity index, Anti wear, Thermogravimetric analysis, Co-polymer. 

Introduction 
Lubricating oil which is also known as base oil or 

lube oil is the basic building block of a lubricant. The 
rheological properties such as fluidity of the oil at low 
temperature, viscosity and variation of viscosity with 
temperature govern the performance of lubricant base 
oils. To exhibit effective performance at low as well 
as at high temperatures, an engine lubricant should be 
fluid at low temperature and should have minimum 
variations of its viscosity with temperature. To 
improve the quality, lube oil always mixed with 
different types of additives. Additives impart a new 
and desirable property to the lube oil which was not 
originally present in the oil or enhance the 
performance already present in the lube oil1. The 
quantity and quality of the additives depend on the 
nature of the base oil and also on the purpose of their 
use. Some of the important types of additives are 
antioxidants, detergents and dispersants, corrosion 
inhibitors, viscosity index improvers (VII), pour point 
depressants (PPD) etc. Of them VII, AW and PPD are 
the most widely used ingredients in modern 
lubricants.Pour point depressants (PPDs)2 are the 
chemical additives used to transport lube oils at low 
temperature. They are added to maintain oil flow 
ability below a certain temperature which is termed as 

pour point (PP) and defined as the temperature at 
which the flow ability of oil is totally ceased due to 
wax crystal lattice formation. These are basically 
polymeric compounds made of hydrocarbon chains. 
At the time when the temperature becomes low and 
the oil cools down, then during the development of 
wax crystal network, the hydrocarbon chains become 
inserted in the lattice and thus inhibit wax crystal 
formation or modify the wax crystal network. So they 
are also known as wax crystal modifiers. Among the 
different kinds of polymers3, acrylic and methacrylic 
ester polymers are very efficient as crude oil  
wax crystal modifiers and wax deposition 
inhibitors.4,5Viscosity is also a very important 
property of a lubricant.6,7 The viscosity of a liquid is a 
measure of its resistance to flow. High viscosity oil is 
less fluid than the one of low viscosity. At higher 
temperatures, the oil tend to thin out and flow more 
readily and vice-versa. The change in viscosity with 
the variation of temperature is expressed by a 
parameter known as viscosity index (VI). Higher VI 
of oil means the viscosity of the oil vary very less 
with the variation of temperature. Viscosity index 
improvers (VII)8 or viscosity modifiers (VM) are 
added to the lubricating oil to improve the VI of the 
oil. Acrylate-based organic polymers are increasingly 
used nowadays as additives to raise the pour point 
depressant (PPD) properties in lubricating oil because 
of their influence on the low-temperature flow  
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ability. However, despite high performance of the 
polyacrylates, there are only few discrete works 
known on the acrylate chemistry functioning as the 
PPD. The present proposal aims to synthesize new  
co-polymers of long chain acrylates and evaluate their 
additive properties in comparison to the respective 
acrylate homo polymers in different lube base oil.  

Furthermore, the newly made additives might play 
important role in controlling other performance of the 
lube oil such as, viscosity modifier (VM), anti-wear 
(AW) etc, which would also be examined. The results 
evaluated so far are encouraging and comprise the 
subject matter of the report. 
 
Experimental 
 
Materials  

Toluene, Hydroquinone and H2SO4 were purchased 
from Merck Specialities Pvt. Ltd. Acrylic acid 
(stabilised with 0.02% Hydroquinone monomethyl 
ether) and isodecyl alcohol were obtained from Sisco 
Research Laboratories Pvt. Ltd. Hexane and isooctyl 
alcohol was purchased from S D Fine Chem. Ltd. 
Methanol was purchased from Thomas Baker 
(Chemicals) Pvt. Ltd. and styrene from Across 
Organics. Benzoyl peroxide (BZP) obtained  
from LOBA chemicals was recrystallised from 
CHCl3-MeOH before use. Rest of the materials  
was used as they were obtained without further 
purification. Two different base oils (BO1 and BO2) 
were collected from IOCL, Dhakuria, Kolkata.  
 
Esterification – preparation of monomers 

Esterification was carried out by following the 
procedure as described in our earlier report 9. 
Isodecyl acrylate (IDA) was prepared by reacting  
1.1 mole of acrylic acid with 1 mole of isodecyl 
alcohol. The reaction was carried out in a resin  
kettle in the presence of concentrated sulphuric acid 
as a catalyst, 0.25 % (w/w) hydroquinone as 
polymerization inhibitor for acrylic acid and toluene 
as a solvent. The esterification reaction was carried 
out under a slow stream of deoxygenated nitrogen. 
The reactants, which were mixed with toluene, were 
heated gradually from room temperature to 403 K 
using a well-controlled thermostat. The extent of 
reaction was followed by monitoring the amount of 
liberated water to give the ester, decyl acrylate (DA). 
Under the same procedure isooctyl acrylate (IOA) 
was also prepared from acrylic acid and isooctyl 
acohol (isooctanol). 

Purification of prepared esters (monomers) 
The prepared esters were purified according to the 

following procedure: a suitable amount of charcoal 
was added to the ester, allowed to reflux for 3 h and 
then filtered off. The filtrate was washed with 0.5 N 
sodium hydroxide in a separating funnel and then 
shaken well. The entire process was repeated several 
times to ensure complete removal of unreacted acid. 
The purified ester was then washed several times with 
distilled water to remove any traces of sodium 
hydroxide, the ester was then left over night on 
calcium chloride and was then removed by distillation 
under reduced pressure and was used in the 
polymerization process. 
 
Preparation of copolymer and homopolymer  

Homopolymer of IDA and IOA (HIDA and HIOA, 
respectively) were prepared and in the preparation of 
IDA + styrene (St) and IOA + styrene copolymers, 
different mole fractions of styrene were used (table 1). 
The polymerization was carried out in a four  
necked round bottom flask equipped with a stirrer, 
condenser, thermometer, an inlet for the introduction 
of nitrogen and a dropping funnel through which to 
add styrene drop wise. In the flask, desired mass of 
IDA and initiator (BZP) was placed followed by 
desired mass of styrene was added drop wise for 2 h 
in the presence of toluene as solvent. The reaction 
temperature was maintained at 80°C for 6 h. At the 
end of the reaction time, the reaction mixture was 
poured into methanol with stirring to terminate the 
polymerization and precipitate the polymer.  
The polymer was further purified by repeated 
precipitation of its hexane solution by methanol 
Table 1—Specification of prepared polymer samples and extent of 

incorporation of styrene 

Sample Mole fraction  
of styrene  
in the feed 

Mole fraction of styrene in the 
copolymer 

By NMR method  By IR method 
P-1 0.0000 0.0000  0.0000 
P-2 0.0155 0.0148  0.0146 
P-3 0.0425 0.0408  0.0411 
P-4 0.0711 0.0692  0.0701 
P-5 0.0000 0.0000  0.0000 
P-6 0.0135 0.0123  0.0126 
P-7 0.0391 0.0361  0.0369 
P-8 0.0637 0.0610  0.0611 

P-1 = homopolymer of isodecyl acrylate; P-2 to P-4 = copolymer 
of isodecyl acrylate + different mole fractions of styrene;  
P-5 = homopolymer of isooctyl acrylate; P-6 to P-8 = copolymer 
of isooctyl acrylate + different mole fractions of styrene.  
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followed by drying under vacuum at 40°C. 
Homopolymer of IDA, homopolymer of IOA and  
also copolymer of IOA with styrene were similarly 
prepared and purified under the same condition for  
use in reference experiments. 
 
Measurements 
 
Spectroscopic measurements  

 IR spectra were recorded on a Shimudzu FT-IR 
8300 spectrometer using 0.1 mm KBr cells at room 
temperature within the wave number range 400 to 
4000 cm-1. NMR spectra were recorded in Brucker 
Avance 300 MHz FT-NMR spectrometer using 5 mm 
BBO probe. CDCl3 was used as solvent and TMS as 
reference material. The average molecular weights 
and the polydispersity of these polymers were 
measured in Water’s gel permeation chromatography 
equipment at room temperature using polystyrene 
standards for calibration in THF phase. Solution of 
the polymers in base oils were made by dilution 
method from their respective 10% stock solutions at 
about 60-70°C with continuous stirring until clear 
solutions were obtained. Kinematic viscosities of the 
prepared solutions were measured using Cannon-
Fenske viscometer in a 100±0.1°C bath as per ASTM 
D-445 procedure. 
 
Viscometric measurements  

Viscometric properties were determined at 40°C in 
toluene solution, using an Ubbelohde OB viscometer. 
Experimental determination was carried out by 
counting time of flow of at least eight different 
concentrations of the sample solution. The time of 
flow of the solutions was manually determined by 
using a chronometer. In the single point measurement, 
the lowest value of solution concentration was chosen 
for calculation. The kinematic viscosity (υ) of the 
sample solutions was determined at 40°C and 100°C 
from the following equation10. 
υ = (Kt- L/t) ρ  
Where K and L are the viscometric constants (where 
K = 0.03853 and L = 2.4689) and t and ρ are time flow 
and density of experimental solution respectively. 
 
Thermogravimetric analysis (TGA)  

The thermograms in air were obtained on a 
mettler TA-3000 system, at a heating rate of  
10 0·min-1 at room temperature under atmospheric 
pressure taking 0.2 g of each polymer sample in a 
platinum crucible. 

Evaluation of PPD properties of the additives in lube oil 
The prepared additives were evaluated as pour point 

depressants (PPD) using two different base oils through 
the pour point test according to the ASTM D 97-09 on a 
Cloud and Pour Point Tester model WIL-471(India). 
 
Evaluation of the prepared additives as Viscosity Index 
Improver (VII) in lube oil 

The Viscosity index values of the polymeric oil 
solutions have been determined according to the ASTM 
D2270 method and by using the following equations10.  
VI = 3.63(60-10n) 
Where, n = (ln υ1- ln k) / ln υ2, for which, υ1 and υ2  
are the kinematic viscosities of the solution at lower 
and higher temperature respectively. The kinematic 
viscosity of the oil containing the different 
concentrations of the tested polymers was determined 
at 40°C and 100°C and k is a constant which is equal 
to 2.714 for the temperature range performed11. 
Different concentrations ranging between 1.0 and  
6.0 % (w/w) were used to study the effect of 
copolymer concentration on the VI. 
 
Evaluation of Anti wear properties of the prepared additives 
in lube oil 

Anti wear properties of polymer-oil blends as well 
as of the mineral base stocks were studied in sliding 
contact by means of a Four-Ball Wear Test Machine 
as per ASTM D-417212. The tests were carried out 
employing 20kg (196N) and 40kg (392N) load 
condition.  
 
Determination of Average Molecular Weight  

The average molecular weight of the prepared 
polymers was determined gel permeation 
chromatography (GPC). In GPC technique the number 
average (Mn) and weight average (Mw) molecular 
weights were determined using a Waters GPC system 
(polystyrene calibration) having molecular weight 
range 102 –5×105 g. mol-1 equipped with 2414 
refractive index detector, Waters 515 HPLC pump,  
717 plus auto sampler at 40°C. THF has been used as 
an eluent at a flow rate of 1.0 ml/min at 40°C. The 
instrument has been calibrated with polystyrene before 
the experiment. The polydispersity index, indicating 
the nature of the distribution of the molecular weights 
in the polymers13, was also calculated.  
 
Results and discussion 
 

Spectroscopic analysis 
FT-IR spectrum of the homo polymer of iso decyl 

acrylate (HIDA) exhibited absorption at 1732 cm-1 
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due to ester carbonyl stretching vibration. Peak at 
1260 and at 1175cm-1 can be explained owing to the 
C-O (ester bond) stretching vibration and the 
absorption bands at 975,750 and 711 cm-1 were due to 
the bending of C-H bond. The broad peak ranging 
from 2900-3100 cm-1 was due to the presence of 
stretching vibration (C-H). In its 1H-NMR spectra, 
homo polymer of IDA showed a multiplet centered at 
4,06 ppm due to the proton of -OCH2- group; a broad 
singlet at 0.73 ppm was due to methyl groups of decyl 
chain. The proton decoupled 13C-NMR of the above 
sample was in complete agreement with the 
homopolymer which shows the presence of ester 
carbonyl group at 171 ppm and absence of any sp2 
carbon in the range 130-150 ppm.FT-IR spectrum of 
the homo polymer of Isooctyl acrylate (HIOA) 
exhibited absorption at 1731 cm-1 due to ester 
carbonyl stretching vibration. Peak at 1260 and at 
1164cm-1 can be explained owing to the C-O (ester 
bond) stretching vibration and the absorption bands at 
961,775 and 720 cm-1 were due to the bending of C-H 
bond. The broad peak ranging from 2929-2950 cm-1 
was due to the presence of stretching vibration (C-H). 
1H and 13C-NMR was also in complete agreement 
with the homopolymer.In its 1H-NMR spectra, homo 
polymer of IOA showed a broad singlet centered at 
4.01 ppm due to the proton of -OCH2- group; a broad 
singlet at 0.89 ppm was due to methyl groups of 
isooctyl chain. The proton decoupled 13C NMR of the 
above sample shows no peak between 130-150 ppm 
which indicated the absence of any sp2 carbon. The 
presence of ester carbonyl group was indicated by the 
peak at 170 ppm.In the 1H NMR spectra of one of the 
respective copolymers, a broad multiplet centered at 
8.07 ppm indicated the presence of a phenyl group. A 
broad singlet centered at 4.06 ppm was due to the 
proton of the –OCH2 group. The absence of singlets 
between 5 and 6 ppm indicated the absence of vinylic 
protons in the copolymer.The proton decoupled 13C 
NMR spectrum of the above sample of copolymer 
was in complete agreement with the proposed 
structure of the copolymers (structure-I).The extent of 

incorporation of styrene in the polymer chain was 
determined (table 1) through a comparison of area of 
–OCH2 group at 4.06 ppm in the area of signal due to 
phenyl protons at 8.07 ppm based on earlier reports14 

as well as on the basis of our earlier paper15, which 
was further verified through an analysis of FT-IR 
spectral data following a method as also discussed in 
our earlier paper 15 . 
 
Thermogravimetric analysis 

A comparison between the TGA data for homo and 
copolymers shows that in case of IDA polymers, the 
copolymers are better in thermal stability than the 
respective homopolymers and with increasing 
concentration of styrene in the feed, the stability 
increases. Same trend is also observed for the homo 
and copolymers of IOA. In addition, comparison 
among the TGA values indicates that the IDA 
polymers (homo and co) are thermally more stable 
than the IOA polymers. 
 
GPC molecular weight 

As expected, the molecular weight (Mw and Mn) 
of the homo and copolymers of IDA (Mw and Mn of 
HIDA is 21×104 and 10.5×104 and those for IDA – St 
copolymer is 23 ×104 and 12.4×104 respectively) is 
always greater than those of the IOA polymers (Mw 
and Mn of HIOA is 13.5×104 and 6.5×104 and those 
for IOA –St copolymer is 8.5×104 and 17.2 ×104 

respectively). Lower poly dispersity index (PDI) of 
the IDA polymers (PDI of HIDA is 1.2 and that for 
IDA –St copolymer is 1.8) in comparison to IOA 
polymers (PDI of HIOA is 3.37 and that for IOA – St 
copolymer is 2.11) indicated lesser extent of 
branching in the IDA polymers. Thus a better surface 
related additive performance is anticipated.  
 
Efficiency of the prepared polymers as pour point depressant 
(PPD) 

The PPD properties of the prepared polymers were 
tested by using 1- 6 % (w/w) polymer doped base oils 
and the experimental data are grouped in table 2.  
The data indicated that the prepared additives  
may be considered as efficient pour point depressants. 
The results for most of the polymers indicate that  
their efficiency as PPD go on increasing from 1 - 5 % 
(w/w). However, beyond the concentration of  
5% the change is not significant. It is also observed 
that the styrene copolymers are more efficient  
than the respective acrylate homo polymers and the 
increase in styrene content enhances the performance. 
Also, homopolymer and copolymer of isodecyl 

 
 

structure-I 
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acrylate acts as a better PPD than homo and 
copolymers of isooctyl acrylate. 
 
Efficiency of the prepared compounds as viscosity index 
improvers 

VI improver properties of the prepared homo and 
copolymers in terms of their viscosity index values 
are presented in table 3 in two different base oils 
BO1 and BO2. The data obtained clearly shows that 
the homopolymers (HIDA and HIOA) is of having 
lower VI values than their respective styrene 
copolymers and with the increase in styrene content 
in the feed, the VI is found to increase. Again, 
homopolymer of IDA and its copolymer with styrene 
are of having higher VI values than the respective 
IOA homo and copolymers, and with the increase in 
styrene content in the feed, the VI value is found to 
increase irrespective of the nature of the base oils. 
The data reveals that the VI values of the isooctyl 
acrylate polymers are higher in comparison to the 
respective decyl acrylate polymers in both the base 
oils. Again, with increasing concentration of the 
polymer solutions, VI value is found to increase in 
all the cases. This may be because of the fact that, at 
a higher temperature, while the lube oil viscosity 
gets decreased, the polymer molecules change from 
tight coil to expanded ones as a result of increase in 
the interaction between the polymer chain and the 

base oil 16 . This increase in volume results in an 
increase in the viscosity of the mixture and  
counter balances the normal reduction in viscosity  
of the oil with increasing temperature. The increase 
in concentration of the polymer also leads to an 
increase in total volume of polymer coils in the  
oil solutions as was already reported17. As a 
consequence, a high concentration of polymer  
will impart a high viscosity index rather than its  
low concentration18.  
 
Efficiency as anti wear additives 

Employing a Four Ball Wear Test Machine as per 
ASTM test conditions, the anti wear contributions of 
the homo and copolymers due to the additive 
concentration / viscosity of the oil and due to the 
additive chemistry was determined. Experiments were 
conducted first with pure base oils followed by 
polymer-oil blends. The wear scar diameter (WSD) 
measured in all these cases are depicted in table 4. 
 
Effect of viscosity on AW performance  

WSD (lower the WSD data, higher the AW 
benefit), is found to decrease with the viscosity of the 
pure base oil. The WSD data in the case of polymer - 
oil blends is also found to decrease with the additive 
concentration in the base oil i.e. the viscosity of the 
polymer doped base oil irrespective of the nature of 

Table 2—Dependence of pour point (PP) in °C on the concentration of additives in base oil BO1 and BO2 

Conc. PP (°C) in presence of 

BO1 BO2 

P1 P2 P3 P4 P5 P6 P7 P8 P1 P2 P3 P4 P5 P6 P7 P8 
0 % -3 -3 -3 -3 -3 -3 -3 -3 -6 -6 -6 -6 -6 -6 -6 -6 
1 % -3 -9 -12 -15 -9 -15 -18 -18 -9 -15 -18 -18 -18 -21 -24 -21 
2 % -6 -9 -12 -15 -12 -18 -21 -24 -9 -15 -15 -18 -21 -24 -27 -27 
3 % 
4% 
5% 
6% 

-6 
-6 
-6 
-6 

-6 
-12 
-12 
-12 

-12 
-15 
-15 
-15 

-15 
-18 
-18 
-18 

-12 
-12 
-15 
-15 

-18 
-18 
-18 
-18 

-21 
-24 
-27 
-27 

-24 
-24 
-27 
-24 

-12 -12 -12 -15 -21 -21 -24 -24 
-9 

-12 
-12 
-15 

-12 
-15 

-18 
-18 

-18 
-18 

-24 
-24 

-24 
-27 

-24 
-27 

-12 -12 -15 -18 -21 -24 -27 -24 
 

Table 3—Dependence of VI on the concentration of additives in base oil BO1and BO2 
Conc. VI in presence of the polymer blended base oils 

Base oil, BO1 Base oil, BO2 

P1 P2 P3 P4 P5 P6 P7 P8 P1 P2 P3 P4 P5 P6 P7 P8 
0% 85 85 85 85 85 85 85 85 80 80 80 80 80 80 80 80 
1% 96 98 102 105 98 102 109 118 86 89 95 101 88 92 99 108 
2% 95 101 108 108 103 107 112 121 90 93 98 103 98 99 109 115 
3% 99 104 113 110 111 118 121 128 93 101 111 112 105 112 110 118 
4% 104 111 115 114 117 122 124 132 99 105 114 120 110 113 117 121 
5% 108 116 121 117 120 129 131 135 105 107 113 118 112 117 124 127 
6% 112 119 120 100 130 133 132 137 108 113 118 124 114 122 126 131 
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the base oils. This observation is in agreement with 
the earlier reported data19.  
 
Effect of Additive Concentration on AW performance  

Decrease in WSD (mm) with increasing 
concentration of the additives was found in both the 
base stocks irrespective of the types of additives 
(homopolymer or co-polymer). However, beyond 5% 
additive concentration no significant AW benefit was 
observed.  
 
Effect of additive chemistry on AW performance 

Acrylate-styrene copolymers always showed better 
AW performance in both the base oils followed by 
HIDA and HIOA polymers (table 4). This is due to 
the presence of aromatic ring of styrene in the 
copolymer structure, which increases the surface 
activity20,21 much more than the homopolymer 
samples in which the surface active phenomena is 
offered only by the ester functionality present in them. 
It is believed that one of the oxygen atoms present in 
the ester group can form a donor–acceptor bond with 
the vacant orbital of ferrum atom using its lone pair of 
oxygen, thereby increasing tribological activity21,22 . 
 

Conclusions 
1 IDA polymers are thermally more stable than the 

IOA polymers. Increased styrene content 
enhances the thermal stability. 

2 Acrylate – styrene copolymers showed excellent 
multifunctional (PPD. VM, AW) additive 

performance irrespective of the nature of base 
oils. In general the additive performance 
properties of the additives, doped in the base oils, 
increases gradually (up to a certain limit) with the 
increasing additive concentration in the polymer-
oil blends.  

3 Acrylate-styrene copolymers showed much better 
PPD, VII, AW properties than the respective 
homopolymers. Homopolymer of isodecyl acrylate 
exhibit better additive performance than isoocotyl 
acrylate. Again, with increasing styrene content in 
the copolymer, additive performance increases in 
all the cases. 

4 The prepared copolymers can effectively be used 
as multifunctional lube oil additives.  
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