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A lubricant is a substance introduced to reduce friction and wear between surfaces 

in mutual contact. It should perform a number of other functions including lubrication, 

cooling, cleaning, suspending, protecting metal surfaces against corrosive damage, low 

temperature flow ability, fuel economy, cost effectiveness etc.  

The basic building unit of a lubricant is lubricating oil or lube oil which acts as a 

carrier of additives. The additives either enhance an already-existing property of the lube 

oil or introduce a new desirable property.  

Present work comprises synthesis, characterization and performance evaluation of 

some multifunctional additives for lube oil. The additives synthesized were acrylate based 

homopolymer and copolymers. In case of copolymers, the other monomers used were 1-

decene, α-pinene and sunflower oil. The polymers were synthesized by thermal 

polymerization in presence of BZP as initiator. Characterization of the polymers was done 

by spectral analysis (FT-IR, 
1
H-NMR and 

13
C-NMR), followed by Thermogravimetric 

Analysis (TGA) to determine thermal stability and finally by viscometric analysis. 

Performance evaluation of the polymeric additives as Pour Point Depressant (PPD) and 

Viscosity Modifier (VM) was investigated in two base oils. 

In case of biodegradable polymeric additives, biodegradability analysis was 

performed by disc diffusion method against fungal pathogens and by soil burial 

degradation test as per ISO 846:1997. Since the additives are multifunctional in nature 

(PPD and VM), interest of research on this area gives a new horizon in the lubrication 

technology. 

The thesis starts with a general introduction of present investigation. Then the 

detailed research work has been divided in two parts: Part-I and Part-II. Part-I, entitled, 

“Acrylate-α-olefin copolymers as lubricating oil additives” is divided into three chapters: 
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Chapter-I, Chapter-II and Chapter-III. Chapter-I comprises brief review of present 

investigation. The review study shows that poly (acrylates) and polymers of α-olefin are 

well known PPD and VM. With this background, Chapter-II describes synthesis, 

characterization and performance evaluation of poly (acrylates) and acrylate-α-olefin 

copolymers in lube oil. In this chapter, poly (dodecyl acrylate), poly (isodecyl acrylate) 

and also copolymers of dodecyl acrylate and isodecyl acrylate with different mole fraction 

of 1-decene were synthesized in anticipation of getting multifunctional lube oil additive 

with PPD and VM properties. In the preparation of homopolymer and copolymers of 

dodecyl acrylate and isodecyl acrylate, the synthesized esters dodecyl acrylate and 

isodecyl acrylate were taken, respectively. The synthesized polymers were characterized 

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

13
C-NMR), thermogravimetric and viscometric analysis. 

The additive performance of all the polymers as PPD and VM was carried out in two 

different base oils. Chapter-III entitled, “Synthesis, characterization, and performance 

evaluation of acrylate based multifunctional lube oil additives” is further subdivided into 

two sections: Section A and Section B. Section A entitled, “Multifunctional additive 

performance of isodecyl acrylate + 1-decene and isooctyl acrylate + 1-decene copolymers” 

describes synthesis of poly (isodecyl acrylate) and copolymer of isodecyl acrylate with 1-

decene from the synthesized ester, isodecyl acrylate and poly (isooctyl acrylate) and 

copolymer of isooctyl acrylate with 1-decene from the synthesized ester, isooctyl acrylate. 

In the synthesis of the copolymers, different mole fraction of 1-decene was used. The 

synthesized polymers were characterized by spectral (FT-IR, 
1
H-NMR and 

13
C-NMR), 

thermogravimetric and viscometric analysis. Comparative study on different properties 

and also on multifunctional additive performance as PPD and VM was carried out in two 

different base oils. This section comprises work on copolymers of isodecyl acrylate with 

lesser 1-decene content compared to the copolymers of Chapter-II to check how these 
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polymers work as PPD and VM. Section B entitled, “Multifunctional additive performance 

of decyl acrylate + 1-decene and isooctyl acrylate + 1-decene copolymers” comprises 

similar comparative study on polymeric additive systems based on decyl acrylate and 

isooctyl acrylate polymers. Homopolymer of synthesized decyl acrylate or poly (decyl 

acrylate) and its copolymers with different mole fraction of 1-decene were prepared and 

characterized through spectral (FT-IR, 
1
H-NMR and 

13
C-NMR), thermogravimetric and 

viscometric analysis. Performance evaluation as PPD and VM was also carried out in two 

different base oils. The results of the analysis were compared with the results of 

homopolymer of isooctyl acrylate or poly (isooctyl acrylate) and its copolymers with 1-

decene.  

Part-II entitled, “Biodegradable lubricating oil additives” is divided into three 

chapters: Chapter-I, Chapter-II and Chapter-III. Chapter-I comprises brief review study of 

present investigation. The study shows that polymers of vegetable or plant oil are 

environmentally benign but their use as PPD or VM is not very common, though there are 

some scanty reports based on these properties. Chapter-II entitled, “Synthesis and 

evaluation of greener additives for lubricating oil” describes synthesis, characterization 

and performance evaluation of biodegradable lube oil additives obtained from copolymers 

of dodecyl acrylate and isodecyl acrylate with different mole fractions of α-pinene, a 

naturally occurring terpene. The synthesized polymers were characterized by spectral (FT-

IR, 
1
H-NMR and 

13
C-NMR), thermogravimetric and viscometric analysis. The additive 

performance of all the polymers as PPD and VM was carried out in two base oils. 

Biodegradable nature was measured by i) Disc diffusion method and ii) Soil burial test 

method. The polymer samples recovered after the tests were weighed to calculate effective 

weight loss. FT-IR spectra of recovered samples were compared with respective FT-IR 

spectra before the tests to confirm the biodegradable nature of the copolymers. 
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Comparison of different properties with the homopolymers of dodecyl acrylate and 

isodecyl acrylate was also presented in this chapter. Chapter-III entitled, “Biocompatible 

multifunctional lubricating oil additives” comprises similar investigation on polymeric 

systems containing copolymers of sunflower oil with dodecyl acrylate (DDA) and 1-

decene. Copolymers of sunflower oil with different mass fraction of DDA and 1-decene 

were synthesized, followed by characterization through spectral (FT-IR, 
1
H-NMR and 

13
C-

NMR), thermogravimetric and viscometric analysis along with performance evaluation as 

PPD and VM in two base oils. Biodegradability analysis by the abovementioned methods 

was also carried out for the samples. The recovered samples were weighed and their FT-IR 

spectra were compared with the respective FT-IR spectra before the tests to confirm the 

biodegradable nature of the copolymers. 
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Lubricating oil forms a thin layer between the moving parts in a system, thus reducing 

friction and wear, together with reduced heat generation in engine. Along with these, lube 

oil has to perform a number of other functions for automotive and industrial purposes. The 

technically developed modern engines need technically improved lube oil with improved 

efficiency to show multifunctional performance and cost effectiveness along with 

environmental protection. Natural petroleum based lube oils are not able to meet all the 

demands of modern engines. Some external compounds called additives
 
are added to 

improve the properties already present or to impart additional desirable properties in lube 

oil and the additive doped lube oil is termed as lubricant. In the present work, the author 

has synthesized some multifunctional additives for lube oil and has evaluated their 

performance in two different base oils. In Part-I of the thesis, the polymeric additives have 

been synthesized from different acrylates, their characterization was done and 

performance has been evaluated in two different base oils. In Part-II, synthesis, 

characterization and performance evaluation of plant oil based polymeric additives have 

been reported. 
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From the early days of civilization, lubricants are used to assist in reducing the 

energy needed to slide one object against another
1
. Although the use of lubricants is very 

old, scientific focus on lubricants and lubrication technology is relatively new.  It is 

recorded that grease, oil, or mud have been utilized as lubricant as early as 2400 B.C. and 

liquid lubricant was valuable for transporting sledges in the Sumerian and Egyptian 

civilizations
2
.    

Lubricating oil, also known as base oil or lube oil, is the basic building unit of a 

lubricant. It is most often petroleum fraction, called mineral oil. It is complex mixture of 

paraffinic, aromatic, and naphthenic hydrocarbons with varying molecular weights ranging 

from medium to high values. Vegetable oils or synthetic oils such as polyalpha-olefins, 

synthetic esters, silicate esters, polyalkylene glycols and many others are sometimes used 

as base oils. The quality of base oils is determined by their olefinic, nitrogenated, 

aromatic, and sulfured compound contents. During the Hydro Treatment (HDT) process, 

the operational conditions of low or medium severity are maintained so that aromatic 

distribution in the oil is not seriously affected and sulfur compounds are not completely 

removed.  

In field application, lube oil forms a physical barrier i.e., a thin layer between the 

moving parts in a system, thus reducing friction and surface fatigue, together with reduced 

heat generation in engine. Along with friction reduction and heat transfer, lube oil has to 

perform a number of other functions in an engine e.g. reduced variation of oil viscosity 

with temperature, low temperature oil flow ability, less fuel consumption, corrosion 

prevention, protection against wear, rust inhibition, and so on. The technically developed 

modern engines need technically improved lube oil with improved efficiency to show 

multifunctional performance and cost effectiveness along with environmental protection. 

Natural petroleum based lube oils are not able to meet all the demands of modern engines. 
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As a result, some external compounds called lubricating oil additives
3-13 

are added in lube 

oil to improve the properties already present or to impart additional desirable properties 

and the additive doped lube oil is termed as lubricant. Generally lubricants are based on 

one type of base oil though mixtures of the base oils are also used plus a variety of 

additives to meet desirable performance necessary for efficient operation and prolonged 

engine life. No single additive can meet Original Equipment Manufacturer (OEM) needs 

or consumer requirements. Thus, several additives are needed to deliver the performance 

required which changes with engine design, operating conditions, legislation, source of 

supply, and processing methods of the base oil.
 
Several additives of different chemistry are 

used, at concentrations from 0.005 % to more than 10 % by weight of some lubricant. 

Without the additives the oil would become contaminated, break down, leak out, or not 

protect engine parts properly at all operating temperatures and subsequently frequent oil 

change is required. So oil additives are vital for the proper lubrication and prolonged use 

of motor oil in modern internal combustion engines.   

Generally lube oil additives can be divided in three categories: 

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

by making a protective film on them. Extreme pressure
3
, friction modifier

4
, 

corrosion inhibitors
5
, anti wear

5,6
 etc. are examples of this kind. 

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

from oxidation, high temperature breakage etc. Antioxidant
7,8

 and foam 

inhibitor
9 
are of this type. 

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

performance or to enhance the existing properties of base oil. These are 

Viscosity Modifier (VM)
10

, Pour Point Depressant (PPD)
11

, detergent
12

, 

dispersant
12

, demulsifier
13 

etc.  
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The present investigation comprises the synthesis of some polymeric additives, 

followed by their characterization (by spectral, thermogravimetric and viscometric 

analysis) and performance evaluation as PPD and VM in base oils. Brief description of 

these additives is depicted below. 

Pour point depressant: The paraffinic mineral base oils contain small amounts of 

waxy materials. With decreasing temperature some of the waxy components of the oil tend 

to separate as tiny crystals, trapping a substantial amount of oil, and thus inhibiting oil 

flow. The solution becomes hazy at a definite 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)
14-18

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

temperature at which the oil maintain its intended fluidity when cooled under defined 

conditions. Generally, the pour point is indicative of the amount of wax in oil and a high 

pour point means high paraffin content in the oil.  

During refining process, most of the wax is removed from the base oil but some 

wax is still desirable 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 substances are needed to be added which allows mineral oils to function 

efficiently at low temperatures, keeping the viscosity benefits of the wax at higher 

temperatures. These are the Pour Point Depressants
19-23

 (PPDs) or flow improvers which 

are designed to lower the temperature at which wax crystals of petroleum base lubricating 

oil start to build up. The flow characteristics of lubricants without PPDs can be adversely 

affected, causing a negative impact on engine performance.  
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Previously used PPDs are predominantly oligomers with molecular weights of 

1,000 to 10,000 or polymers having molecular weights greater than 10,000. The earlier 

PPDs were either alkyl aromatic polymers or comb polymers. Comb polymers 

characteristically have long alkyl chains attached to the backbone of the polymer, with the 

alkyl groups of different carbon chain lengths.  

The mechanism of action of PPDs has been the subject of much interest. Early 

indications were that alkyl aromatic compounds function by coating the surface of the wax 

crystals and preventing further growth. Although the exact way of how PPDs operate is 

not absolutely clear, they all basically modify the crystal morphology by different 

mechanisms involving nucleation, co-crystallization, and adsorption
24-26

. Light 

microscopy suggests that wax crystals are typically thin plates or blades. As previously 

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

linearity assists to modify the wax crystal growth by co-crystallization along with the wax 

species present in the oil
25

. Thus they inhibit lateral crystal growth and the wax crystals 

are kept apart from each other by the PPD backbone. PPDs prevent wax crystals from 

agglomerating or solidifying at reduced temperatures. Thus the wax crystals are no longer 

able to form three-dimensional structures to inhibit flow and the bulk oil remains in a 

liquid state. 

Most common PPDs are fumerate copolymers
27

, ethylene-vinyl acetate 

copolymers
28,29

, poly (methacrylates)
21,30

, poly (acrylates)
31

 etc. They are used in almost 

all lubricant types including crankcase engine oils, automatic and power transmission 

fluids, automotive gear oils, tractor fluids, hydraulic fluids, and circulating oils. 
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Poly (methacrylate)                               Poly (acrylate) 

Figure 1. Structure of commonly used pour point depressants 

 

Viscosity modifier: Viscosity Modifiers (VMs), previously known as Viscosity 

Index Improvers (VIIs) are substances that improve viscosity index
32,33

 of oil. Viscosity 

Index (VI) is an arbitrary measure of viscosity changes with relation to temperature in 

lubricating oil. A high viscosity index indicates small change of viscosity with temperature 

and vice versa
34

. 

The viscosity of a lubricant is generally its ability to reduce friction and decreases 

with increasing temperature. At lower temperature if the lubricant becomes too viscous, it 

will require a large amount of energy to move and if it becomes too thin at higher 

temperature, the surfaces will come in contact and friction will increase. Many lubricant 

applications require lubricants to work at high performance levels over a wide temperature 

range. So, the lubricant with high VI or with least viscosity, but still keeping two moving 

surfaces apart is desired. In particular, addition of certain oil-soluble polymeric materials 

to base oil has greatly improved its viscosity index. Some of them which are in use today 

are olefin copolymers (OCPs), poly (isobutylenes) (PIBs)
35

, hydrogenated styrene isoprene 

copolymer (SIP), ethylene α-olefin copolymers, poly (acrylates), polybutadiene rubber 

(PBR), poly (butenes)
36,37

, 
 
poly (methacrylates)

38,39 
and polyalkylstyrene

40 
etc. 

                       

                 Ethylene-propylene copolymer (OCP)               Poly (isobutylene) (PIB) 
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Hydrogenated styrene-isoprene copolymer (SIP) 

Figure 2. Structure of commonly used viscosity modifiers 

 

The well accepted mechanism of how polymers improve VI originates from a 

paper by Selby in 1958
41

 which is lacking in any physical data supporting the proposed 

mechanism. Later, the work of Flory stated that the radius of gyration, Rg, of polymer 

molecules depends on the interactions between polymer chain segments and solvent 

molecules
42

. In the “poor” solvents, attractive interactions act between the polymer 

segments, resulting in a collapse of the polymer chains into compact polymer globules, 

while expansion of the globule into a random coil occurs in “good” solvents where 

repulsive forces act between those polymer segments
43

. At higher temperature while the 

viscosity of the lube oil gets decreased, the polymer molecules thicken the oil by changing 

shape from tight coil or globule to expanded random coil due to increased polymer-solvent 

interaction and thus offset the viscosity reduction
44-50

.
 
This thickening effect is more 

effective at higher temperatures than at lower temperatures as with increasing temperature, 

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

Again, increasing polymer concentration increases total volume of polymer globules in the 

solution which induces a higher viscosity index compared to a lower one.  
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Figure 3. Expansion of viscosity modifier with temperature 

 

In a very recent communication Michael J. Covitch et al. presented a detailed 

report
43

, the aim of which is to develop an improved model that is consistent with 

experimental data by linking the rheological properties of a fluid to the polymer structures 

in solution. The experiment involves measurement of polymer coil dimensions of VMs by 

both intrinsic viscosity and Small Angle Neutron Scattering (SANS) in order to critically 

assess the generally accepted mechanism of VI improvement. The observed results 

indicated that coil size expansion with temperature is not required mechanism to achieve 

significant elevation of viscosity index but the polymers which expand with temperature 

have higher VI contributions than those that do not.  

The additives reported till now work either as PPD
21,51-53 

or VM
10,45,54

 or studies 

regarding multifunctional additives based on both these properties are very scanty. With 

the advent of technology, cost effective and eco-friend multifunctional lubricating oil 

additives are more demanding to meet OEM needs or consumer requirements. In the 

present investigation, some acrylate systems were synthesised and evaluated for 

multifunctional additive performance. In addition, the concept of greener technology was 

also incorporated by using the green units, naturally occurring α-pinene and sunflower oil. 

The additive doped lube oils showed excellent multifunctional additive performance in 

lube oil along with very significant biodegradability. In brief, the thesis includes synthesis, 
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characterization, and performance evaluation of some different polymeric additives for 

lube oils. The characterization of 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. Finally performance evaluation of the additives mainly as Pour Point Depressant 

(PPD) and Viscosity Modifier (VM), were evaluated by standard methods in different base 

oils. Biodegradability study was performed for some of the polymeric systems 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 of present 

investigation (Page No. 177-182). 
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The basic building unit of a lubricant is lubricating oil which is also known as base 

oil or lube oil. The lube oils are based on mineral oils which are products of refining crude 

oil. They are complex mixture of paraffinic, aromatic, and naphthenic hydrocarbons with 

varying molecular weights, desirable viscosities, densities, and distillation curves and acts 

as a carrier of additives. 

The lube oil reduces friction between metal surfaces in mutual contact. It should 

perform a number of other functions including lubrication, cooling, cleaning, suspending, 

protecting metal surfaces against corrosive damage, low temperature flow ability, fuel 

economy, cost effectiveness etc. Modern equipment and internal combustion engines must 

be lubricated to prolong its lifetime. But in most of the cases classical base oils do not 

meet Original Equipment Manufacturer (OEM) needs or consumer requirements and 

frequent oil changes are required. Different additives
1
 are added to the base oils in 

anticipation to improve their lubrication properties. The additives either enhance an 

already-existing property of the base oil or add a new desirable property. The examples of 

already-existing properties are viscosity, viscosity index, pour point, and oxidation 

resistance and the examples of new desirable properties include cleaning and suspending 

ability, antiwear performance, and corrosion control. The additives are selected depending 

on the necessary characteristics to formulate finished lubricants with the desirable 

performance levels. The success of achieving the highest levels of performance in finished 

lubricants depends in understanding the interactions of base oils and additives and 

matching those to the requirements of machinery and operating conditions to which they 

can be subjected. 

Additives cover a wide range of chemicals, from simple organic molecules, 

polymers to inorganic compounds etc. They are used as single or mixture of additives in 

base oil. Without many of these, the oil would not properly protect engine parts at all 
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operating temperatures, become contaminated, break down, and leak out. In presence of 

some additives, lubricants may perform better under severe conditions, such as extreme 

pressures and temperatures and high levels of contamination. Depending on the 

performances, the additives can be of different types as follows: 

 

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

 

These additives when incorporated in base lubricating oils improve their field 

performance in existing applications by supplying their natural characteristics. The 

additives as single or mixture can serve to meet the requirement of the base oil in field 

application. Keeping the cost effectiveness in mind, demand and research for 

multifunctional additive
2-5

 i.e. a single additive in which more than one additive 

performance can be found
6-9

 are increasing. Recently multifunctional additives play the 

major role in the technology of engine oils. With this background the present investigation 
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comprises the incorporation of two major additive performances (PPD and VM) in single 

additive system. 

In accordance with the present investigation, it will be very pertinent to include a 

brief review on PPD and VM additives of lubricating oil. Numerous investigations and the 

gathered experience of high molecular weight compounds as additives in use till now are 

opening possibilities in the development of multifunctional polymeric additives that have 

both PPD and VM properties. 

The Pour Point (PP) of lubricating oil is the lowest temperature at which it will 

maintain its fluidity when cooled under specific conditions
10-14

. Generally most mineral 

oils contain some amounts of waxy materials and as the oil is cooled, some of the waxy 

components of the oil come out of solution as tiny crystals. With decreasing temperature, 

more and more wax precipitates. Thus the wax crystals grow in size and finally, form a 

three-dimensional network for which the oil completely loses its ability to flow under the 

test conditions. The wax network containing trapped oil is quite fragile and easily 

destroyed by shaking or stirring. However, in many applications like an oil sump or 

reservoir where the bulk of the oil is in a stagnant environment, the wax structure restricts 

oil flow ability very effectively. Thus there is a lower temperature limit on the lubricant 

application for which addition of certain external material known as Pour Point 

Depressant
15-19

 (PPD) is needed. The flow characteristics of lubricants without PPDs can 

be adversely affected, causing a negative impact on engine performance. They are high 

molecular weight polymeric compounds with long hydrocarbon chain and can reduce the 

pour point temperature of the oil and thus improving low temperature flow performance. 

The effectiveness of a PPD depends on their chemical composition, structural properties, 

and alkyl chain length. The mechanism of action of PPD involves modification of large 

wax crystal network formation by preventing wax crystals from agglomerating or 
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solidifying at reduced temperatures. Their structural linearity assists to modify the wax 

crystal growth by co-crystallizing with the wax species present in the oil. In addition, the 

wax crystals are kept apart from each other by the PPD backbone. Thus the wax in the oil 

retains 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 are fumerate copolymers
22

, ethylene-

vinyl acetate copolymers
23,24

, poly (methacrylates)
17,25

, poly (acrylates)
26

 etc. 

 

Figure 1(b): Mechanism of PPD action 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. 

 

Again, viscosity is a very important property of a lubricant
27-29

. 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 tends to thin out, which results a reduction in 

viscosity and flows more readily and vice versa. Viscosity Index (VI)
30,31

 is a parameter 

required to express the change in the viscous nature of the lube oil with temperature. The 

higher the VI, the less the viscosity of an oil changes for a given temperature change. 

Viscosity Index Improvers (VIIs) or Viscosity Modifiers (VMs)
4,32

 are added to 

lubricating oils to make them behave as ideal lubricant which possess almost the same 

viscosity at all temperatures. Again effectiveness of a VM depends on the type and 

concentration of the polymer additive. Long chain high molecular weight polymer 

compounds are generally used as VM
5
. Performance of the VM depends on its behavior in 
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the oil such as its solubility, molecular weight, and resistance to shear degradation
33

.
 
The 

polymer changes its shape from tight coil to a straight chain configuration thus exerting a 

greater thickening effect on oil at higher temperatures than they do at lower temperatures. 

This thickening effect counterbalances the reduction of the viscosity of the lube oil at the 

elevated temperature
32

.
 

The results of the experiment
34

 of Michael J. Covitch et al. involving measurement 

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

Scattering (SANS) indicated that coil size expansion with temperature is not required 

mechanism to explain significant elevation of viscosity index rather the polymers which 

expand with temperature have greater VI contributions than those that do not. 

The observation of the previous researchers in accordance with the present line of 

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

following paragraphs. 

 
It was well documented that the polymers with longer alkyl chains are effective in 

depressing the pour point of the high temperature pour oils, while the shorter alkyl chain 

polymers are effective on the low temperature pour oils. Gavlin et al.
35

 analysed some 

methacrylates and acrylates for their PPD properties. They chose dodecyl poly 

(methacrylate) for initial work because it was the first acrylic polymer observed by the 

authors to be an active pour point depressant. Borthakur et al.
22

 prepared a number of alkyl 

fumarate-vinyl acetate copolymers and the efficacy of these copolymers as PPD was tested 

on indian crude oils. 

Some esterified copolymers made of different ratios of maleic anhydride and α-

olefin (the average carbon number is 18), called as EsMAOC polymers were prepared by 

Liao et al.
15

 and their pour point depression ability was tested in crude oil and heavy diesel 

oil. Next year they prepared MOVAS copolymer
36

 obtained from maleic anhydride, α-
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olefin and a mixture of vinyl acetate and styrene and evaluation of the additive as PPD 

was done. Later, they synthesized a viscous semi solid MOAS copolymer
37

 from maleic 

anhydride, mixed α-olefins (the average carbon number is 15), acrylic alkyl ester and 

styrene. The prepared polymer was tested for pour point and Cold Filter Plugging Point 

(CFPP) of diesel fuel. 

Abdel Azim et al.
26

 compared the pour point decreasing effect of twenty polymeric 

additives prepared from different ratios of styrene with different esters of acrylic acid. T. 

T. Khidr
38

 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 another work
39

, five copolymers were 

prepared from octadecyl acrylate and cinnamoyloxy ethyl methacrylate at different molar 

concentration of the monomers and their PPD efficiency and rheological characteristics for 

two different waxy crude oils were studied using different concentrations of the prepared 

additives. In a similar work
40

, some terpolymers were prepared from docosanyl acrylate, 

octadecyl or hexadecyl acrylate and maleic anhydride using different compositions of the 

alkyl acrylates and their PPD efficiency was tested. 

T. T.Khidr
41

 again prepared some copolymeric and terpolymeric additives of 

acrylates of different alkyl chain length and maleic anhydride. The prepared polymers 

were tested and found that they can act both as PPD and wax dispersants for paraffin gas 

oils. Ghosh et al.
42

 synthesized homopolymer of decyl acrylate and its copolymer with 

styrene and the PPD efficiency of the homo and copolymers were compared and 

discussed.  
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S. Port et al. analysed the polymers and copolymers of vinyl esters of the long 

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

palmitate with vinyl acetate and found that they are effective viscosity index improvers for 

lubricating oils. Also the effect is enhanced as the solubility of the polymer decreases and 

its concentration increases
43

. The effect of degree of alkylation, size of the alkyl group and 

molecular weight of different alkylated polystyrenes on its viscosity index improving 

power were analysed in the experiment of Yorulmaz
30

. Bataille et al. discussed synthesis 

and characterization of viscosity index improver for naphthenic and paraffinic base oils
44

. 

Fernanda M. B. et al. carried out a comparative study between ethylene-propylene 

copolymers and hydrogenated styrene-diene copolymers aiming at their application as 

viscosity index improvers in multigrade engine oils
45

.
 
Reza et al. prepared copolymers 

made of α-olefins (ethylene and propylene) which were found to be a good viscosity 

modifier at low concentration in motor oil formulation
46

. Nassar et al.
47

 studied the 

efficiency of some acrylate polymeric additives prepared by copolymerization of different 

acrylates (decyl, 1-dodecyl, 1-tetradecyl, and hexadecyl) with different moles of styrene, 

as viscosity modifier. The VM property was found to increase with increasing molecular 

weight of the prepared copolymers. N. S. Ahmed prepared polymers of different dialkyl 

maleates with two different monomers (vinyl acetate and styrene). The efficiency of the 

prepared polymers for improving the viscosity index of the base oil was studied and found 

to increases with increasing alkyl chain length and molecular weight of the prepared 

polymers and also with increasing the concentration of the polymers in base oil
48

.
 

There are also some instances in which methacrylates and acrylates are found to 

act both as pour point depressants and viscosity modifiers. In 1949, W. L. Van Horne 

found that poly (methacrylates) can suitably act both as PPD and VM
49

. Ahmed et al. 

prepared some copolymers through polymerisation of different acrylates with maleic 
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anhydride and vinyl acetate and studied the effect of alkyl chain length, molecular weight 

and concentration on pour point and viscosity index of the polymers
50

.
 
In a similar work, 

four copolymers were synthesized from styrene, n-butyl acrylate and vinyl acetate 

monomers. The PPD efficiency and VM tendency were tested in two Mexican crude oils
51

.
  

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
52

. Ghosh et al. carried out performance evaluation of copolymer 

of decyl acrylate with styrene and also of their compatible binary (polymer-solvent) and 

ternary solutions (polymer-polymer-solvent), as PPD and VM
53

. In another experiment, 

different terpolymers were prepared using tetradecyl and hexadecyl acrylate with styrene 

and vinyl pyrrolidone. The PPD efficiency and VM properties of the terpolymers were 

evaluated and compared
54

.
 

There has been a substantial patent activity concerned with pour point depressants 

and viscosity modifiers which comprise methacrylate, acrylate and olefinic compositions. 

Some of them are included in the review work. 

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. 3679644 A also contains the same disclosure. 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. U. S. Patent No. 5955405 discloses 

methacrylate copolymers comprising of 5-15 wt % butyl methacrylate, 70-90 wt % C10-

C15 alkyl methacrylate and 5-10 wt % C16-C30 alkyl methacrylate as having excellent low 

temperature properties in lubricating oils. U. S. Patent No. 6458749 B2 discloses 
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lubricating oil compositions of a mixture of selected high molecular weight and low 

molecular weight alkyl methacrylate made of 16-24 carbon containing alcohols. The 

composition is especially effective at satisfying different aspects of low temperature fluid 

properties for a broad range of base oils. 

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

equal proportions of a copolymer of decyl acrylate and an acrylic acid ester of a mixture of 

alcohols derived from coconut oil and having an average side chain length of about 13.5 

carbon atoms. U. S. Patent No. 5834408 A describes the preparation and evaluation of 

acrylate copolymers as PPD in lube oil compositions. U. S. Patent No. 4906702 A 

describes the polymer of ester of unsaturated carboxylic acid selected from the group 

consisting of acrylic and methacrylic acid as PPD for lube oil. U. S. Patent No. 3772196 A 

claims lubricating oil composition comprising a minor but effective pour point depressing 

amount of a PPD of the group consisting of copolymers of alkyl acrylates, copolymers of 

alkyl methacrylates and copolymers of nitrogen containing esters of the acrylic acid series. 

U. S. Patent No. 3598737 A discloses 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. 

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. The 

copolymer is prepared by polymerization of three α-olefin monomers which are decene, 

tetradecene and hexadecane having molecular weight from 150,000 to 450,000. 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 



21 
 

from 150,000 to 540,000. Similarly, Patent No. EP 0498549 B1 claims the preparation of a 

pour point depressant terpolymer wherein the average alkyl side chain length is 10.5 to 

12.0, made from the above mentioned olefin monomers. 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. 4514314 describes an oil soluble alkyl ester 

copolymer which is useful as a PPD for lubricating oils. These copolymers have a number 

average molecular weight from 1,000 to 40,000, preferably 2,000 to 15,000 and optimally 

2,000 to 8,000. These copolymers are of the class consisting of a C22-C40 branched alkyl 

ester of a copolymer of C2-C20 α-olefin and maleic anhydride and di(2[C22 to C40] alkyl) 

fumarate-vinyl C1-C4 alkylate e.g. acetate copolymer. 

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.  4203854 A discloses a stable lubricant composition 

consisting about 0.60 to about 1.75 percent of an oil soluble poly (methacrylate) viscosity 

index improver having a molecular weight in the range of about 100,000 to about 750,000. 

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. 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. 4137185 A describes oil-soluble, derivatized 

ethylene copolymers derived from ethylene and one or more C3-C28 α-olefins, e.g. 

propylene, which were grafted with an ethylenically unsaturated dicarboxylic acid material 



22 
 

and thereafter reacted with a polyamine having at least two primary amine groups. The 

polymers with molecular weight ranging from 10,000 to 500,000 were found most 

efficient as multifunctional viscosity index improvers. 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 

500,000 and an average of at least about 30 % of the polymer chains contained terminal 

ethylidene unsaturation. U. S. Patent No. 4863623 claims an additive composition 

comprising copolymer prepared from ethylene and at least one C3-C10 α-olefin and 

optionally a polyene selected from nonconjugated dienes and trienes. The copolymer acts 

as multifunctional viscosity index improvers with dispersant and antioxidant property. U. 

S. 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. 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 
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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. The alkyl portion of the ester contains 4 to 22, preferably 12 to 18 

carbon atoms and includes mixtures. 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. The low 

temperature performance was markedly improved when the copolymer contains a minor 

weight proportion of ethylene pour point depressants comprising of an oil soluble polymer 

of C10-C18 alkyl acrylate or methacrylate. 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. U. S. Patent No. 4032459 also discloses lubricating composition containing 

hydrogenated copolymers of butadiene and isoprene with PPD and VM properties, the 

average molecular weight being between about 40,000 to 225,000. U. S. Patent No. 

4886520 A discloses an oil composition containing mineral oils which showed more 

enhanced PPD and VM properties by the addition of a terpolymer comprising an alkyl 

ester of an unsaturated monocarboxylic acid, olefinically unsaturated homo or heterocyclic 

nitrogen compound and then an allyl acrylate or methacrylate or a perflouro alkyl ethyl 

acrylate or methacrylate. U. S. Patent No. 6753381 B2 claims synthesis of olefinic 

polymer blends containing ethylene-propylene copolymer and their application as 
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viscosity index improver with better low temperature property. The molecular weight of 

the polymer blends falls within 20,000 to 3,00,000. 

From the above literature survey on PPD and VM, it was found that people have 

used acrylate, methacrylate or olefin polymers for their application either as PPD or VM. 

Reports are scanty regarding their multifunctional performance. Thus, it was felt necessary 

to develop multifunctional additives for the lube oils which will reduce the cost and may 

take care about the fuel economy. With this view in mind, the present investigation had 

been undertaken in synthesizing homopolymers and copolymers of acrylates of different 

alcohols and evaluating their efficiency as PPD and VM to achieve multifunctional 

performance. The homopolymers used are poly (decyl acrylate), poly (dodecyl acrylate), 

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

synthesizing copolymers is 1-decene, an α-olefin. Characterization of the prepared 

polymers was carried out by spectral (FT-IR, 
1
H-NMR and 

13
C-NMR), thermogravimetric 

and 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 

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. 182-

188). 
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1.1.1. Introduction 

Polymers of alkyl acrylate are used as additives in lubricant composition for 

improving the viscometric and rheological properties of the lubricant
1,2

. Copolymers of 

styrene as additive for Pour Point Depressant (PPD) and Viscosity Modifier (VM) are well 

known
3-5

. In order to investigate the influence of incorporation of aliphatic long chain, in 

the present study 1-decene unit has been incorporated into the acrylate backbone to study 

the performance of the respective copolymers as PPD and VM. 

In this work, the results of the investigation toward the synthesis, characterization 

and viscometric measurements of an additive, based on long chain acrylate + 1-decene 

copolymer and evaluation of their performance as PPD and VM in comparison to the 

respective homopolymers, prepared under identical condition, has been discussed. The 

acrylates used in this work are isodecyl acrylate (IDA) and dodecyl acrylate (DDA). 

Physical characterization of the copolymers and homopolymers was carried out 

employing FT-IR, NMR and Thermogravimetric Analysis (TGA). However, as 

performance of such kind of additives in field condition is very much dependent on the 

structure and morphology of the polymer in desired solvent, viscometric studies in dilute 

solution may give valuable information as far as the quality of the solvent or base stock 

employed and chain conformation in dilute solutions are concerned. Since reports 

regarding such information is scanty
6
 and almost nil for polymers used as lube oil 

additives, present research also include viscometric study
7
 of the copolymers as well as the 

homopolymers. 

1.1.2. Experimental Procedure 

1.1.2.1. Materials 

Toluene, hydroquinone, and H2SO4 were purchased from Merck Specialities Pvt. 

Ltd., acrylic acid (stabilized with 0.02 % hydroquinone monomethyl ether) and isodecyl 
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alcohol from Sisco Research Laboratories Pvt. Ltd., dodecyl alcohol and hexane from S D 

Fine Chem. Ltd., 1-decene from Across Organics, and methanol from Thomas Baker 

(Chemicals) Pvt. Ltd. All were used as they obtained without further purification. Benzoyl 

peroxide (BZP), obtained from LOBA chemicals, was recrystallized from CHCl3-MeOH 

mixture before use. Base oils were collected from IOCL, Dhakuria, Kolkata, West Bengal. 

1.1.2.2. Esterification 

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 % hydroquinone with respect to the 

reactants as polymerization inhibitor 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, isodecyl acrylate. Under the same procedure dodecyl 

acrylate (DDA) was also prepared from acrylic acid and dodecyl alcohol. 

 

Scheme 1.1: Preparation of isodecyl acrylate (IDA) and dodecyl acrylate (DDA) 

 

1.1.2.3. Purification of prepared esters 

The prepared esters were purified according to the following procedure: a suitable 

amount of charcoal was added to the ester. It was allowed to reflux for 3 h and then 

filtered off. The filtrate was washed with 0.5 N sodium hydroxide in a separating funnel 
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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. 

1.1.2.4. Preparation of copolymer and homopolymer  

The thermal 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 1-decene drop wise. In the flask, desired mass 

of IDA and initiator benzoyl peroxide (BZP) was placed followed by drop wise addition of 

desired mass of 1-decene for 2 h in the presence of toluene as solvent. The reaction 

temperature was maintained at 353 K 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 copolymer of IDA with 1-decene. The polymer was further purified by 

repeated precipitation of its hexane solution by methanol followed by drying under 

vacuum at 313 K. 

In the preparation of copolymers, different mole fraction of 1-decene was used in 

the feed.  

 

Scheme 1.2: Preparation of poly (isodecyl acrylate) and poly (dodecyl acrylate) 
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Scheme 1.3: Preparation of copolymer of isodecyl acrylate and dodecyl acrylate with 

1-decene 

 

Homopolymers of IDA and DDA i.e., poly (isodecyl acrylate) and poly (dodecyl 

acrylate) (HIDA and HDDA, respectively), and also copolymers of DDA with different 

mole fraction of 1-decene were similarly prepared and purified under identical condition 

for use in reference experiments. 

1.1.3. Measurements 

1.1.3.1. Spectroscopic measurements 

Spectroscopic IR spectra were recorded on a Shimadzu FT-IR 8300 spectrometer 

as well as in Perkin Elmer FT-IR spectrometer by using 0.1 mm KBr cells at room 

temperature within the wave number range 400-4000 cm
−1

. NMR spectra were recorded in 

Bruker Avance 300 MHz FT-NMR spectrometer using 5 mm BBO probe. CDCl3 was 

used as solvent and TMS as reference material. 

1.1.3.2. Viscometric measurements 

The viscometric molecular weight of the polymers in solution can be determined 

by using Mark Houwink Sukurda (MHS) equation (eqn. 1), measuring the intrinsic 

viscosity of the polymer solution in toluene. According to that equation, the value of 

intrinsic viscosity ( changes with the molecular weight of the polymer in a solvent as: 

                                                           [] = KM
a                                                                               (1) 
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Where, M is the viscosity average molecular weight and K and a are the Mark Houwink 

constants. The values of K and a are specific for every polymer-solvent combination. So, 

to get an accurate measure of molecular weight, these constant values are to be known for 

appropriate polymer-solvent combination. For a new polymer, it is not possible to get the 

accurate molecular weight, but an idea of whether the molecular weight value is low or 

high can be drawn by using these values of similar types of polymers. 

The most commonly used equations for the study of viscometric properties of a 

dilute polymer solution at a particular temperature by graphic extrapolation
8-12 

method
 
are 

(eqns. 2 to 5):  

Huggins   (H)                                ηsp/C = [η]h + kh [η]h
2
                                                             (2)     

Kraemer   (K)                                ln ηr/C = [η]k – kk [η]k
2
 C                                                   (3)                                           

Martin      (M)                               ln ηsp/C = ln [η]m + km [η]m C                                           (4) 

Schulz-Blaschke   (SB)               ηsp/C = [η]sb + ksb [η]sb ηsp                                                            (5) 

Where, C = concentration of the solution in g.cm
–3 

              r t/to = time of flow of the solution /time of flow of pure solvent 

                         = relative viscosity or viscosity ratio  

              sp = r –1, specific viscosity                                                            

h intrinsic viscosity, respective to Huggins equation     

               k = intrinsic viscosity, respective to Kraemer equation      

               m= intrinsic viscosity, respective to Martin equation    

sbintrinsic viscosity, respective to Schulz-Blaschke equation 

 kh, kk, km, and ksb are Huggins, Kraemer, Martin, and Schulz-Blaschke coefficients, 

respectively. 

Some relations have also been proposed for determining the intrinsic viscosity in 

dilute polymer solution from single point determination method. This method has the 
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advantage of being considerably faster and is better than the graphic extrapolation method 

when a large number of samples must be analysed in short period of time, practically in 

industrial laboratories. Most useful of these
9-11 

are (eqns. 6 and 7): 

Solomon-Ciuta (SC)                 [η] = (2(ηsp – ln ηr))
1/2

/C                                                       (6) 

Deb-Chatterjee (DC)                  [η] = (3 ln ηr + 3/2 ηsp
2
 – 3 ηsp)

1/3
/C                                   (7)                                                       

The use of these equations has been derived under the supposition of the validity of 

the relationship kh + kk = 0.5
9
. The unit of intrinsic viscosity and concentration are dL.g

–1
 

and g.cm
–3

, respectively.  

Viscometric properties were determined at 313 K in toluene solution, using an 

Ubbelohde OB viscometer. Experimental determination was carried out by counting time 

flow of eight different concentrations of the sample solution. The time flow of the solution 

was manually determined by using a chronometer. Precautions regarding the prevention of 

evaporation of the solvent were taken in all of the cases. For the viscosity average 

molecular weight determination, the constants K = 0.00387 dL.g
–1

 and a = 0.725
7,13

 were 

employed in MHS relation to get an idea of whether the molecular weight value is low or 

high. In the single point measurement, the lowest value of solution concentration was 

chosen for calculation. 

1.1.3.3. Thermogravimetric Analysis (TGA) 

The thermograms in air were obtained on a Mettler TA-3000 system, at a heating 

rate of 10 K.min
–1

. 

1.1.3.4. Evaluation of Pour Point Depressant (PPD) properties 

The prepared compounds were evaluated as PPD using two different base oils 

(BO1 and BO2) through the pour point test according to the ASTM D97-09 on a Cloud 

and Pour Point Tester model WIL-471 (India). The effect of additive concentration on 

pour point was investigated by using different doping concentrations. The experimental 
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data were noted by taking an average of three experimental results under identical 

conditions. 

1.1.3.5. Evaluation of Viscosity Modifier (VM) properties 

The prepared copolymers were evaluated as viscosity modifiers in two base oils 

(BO1 and BO2). The kinematic viscosity (ν) of the sample solutions, useful to calculate 

viscosity index (VI), was determined at 313 K and 373 K, from the following equation
14

.
 
 

                                                       ν = (Kt - L/t) ρ                                                              (8) 

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

experimental solution, respectively. 

The densities were measured with a vibrating-tube density meter (Anton paar, 

DMA 4500M). Before measurements, the 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
14

. 

                                                     VI = 3.63 (60 - 10
n
)                                                       (9) 

Where n is given by, 

                                                      n = (ln ν1 - ln k)/ln ν2                                                       (10) 

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 oil
14

. 

Viscometric properties of the prepared samples were determined using an 

Ubbelohde OB viscometer, thoroughly cleaned, dried and calibrated at the experimental 

temperatures (313 K and 373 K) with triply distilled, degassed water, and purified 

methanol
15,16

.
 
It was then filled with experimental liquid and placed vertically in a glass 

sided thermostat. After reaching thermal equilibrium, the time flow of liquids was 

recorded with a digital stopwatch. In all determinations, an average of three measurements 
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was taken into account and precautions were taken to minimize losses due to evaporation. 

Different concentrations ranging between 1 wt % to 6 wt % were used to study the effect 

of polymer concentration on VI. 

1.1.4. Results and discussions 

1.1.4.1. Spectroscopic analysis 

FT-IR spectra (Figure 1.1) of poly (isodecyl acrylate) or homopolymer of isodecyl 

acrylate (HIDA) exhibited absorption band at 1732.0 cm
–1

 for the ester carbonyl stretching 

vibration along with other peaks appeared at 1456.2, 1379.0, 1260.0, and 1166.9 cm
–1

 (CO 

stretching vibration), and at 750.0, 710.0 cm
–1

 (bending of C–H bonds). In its 
1
H-NMR 

spectra (Figure 1.2), HIDA showed a broad singlet centered at 4.02 ppm due to the proton 

of –OCH2 group, another broad singlet centered at 0.86 ppm was due to methyls of 

isodecyl chain. In the proton decoupled 
13

C-NMR of the homopolymer (Figure 1.3), the 

carbonyl carbon appears at 174.47 ppm along with other carbons. Absence of peak in the 

range 130-150 ppm indicates absence of any sp
2 
carbon in the homopolymer. 

The formation of the copolymer was confirmed by FT-IR, 
1
H-NMR, and 

13
C-NMR 

analysis. In its FT-IR spectra (Figure 1.4), the copolymer showed a broad peak ranging 

from 1732.0 to 1737.7 cm
–1

 for ester carbonyl along with other peaks at 2928.7, 2871.8 

cm
–1

 (stretching vibration of C–H bonds), and 1462.9 cm
–1

, and a band at 1164.0 cm
–1 

(CO 

stretching vibration). In the 
1
H-NMR spectra (Figure 1.5) of the copolymer, a broad 

singlet at 4.05 ppm was due to the protons of –OCH2 group. Methyls of the isodecyl chain 

appeared between 0.81 and 0.87 ppm and the absence of singlets between 5 and 6 ppm 

indicated the absence of any sp
2
 proton in the copolymer. In the 

13
C-NMR spectrum 

(Figure 1.6) of the copolymer, the carbonyl carbon appears at 174.47 ppm along with 

other carbons. Absence of peak in the range 130-150 ppm indicates absence of any sp
2 

carbon in the copolymer. 
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FT-IR spectra (Figure 1.7) of poly (dodecyl acrylate) or homopolymer of dodecyl 

acrylate (HDDA) exhibited absorption at 1732.0 cm
–1

 due to ester carbonyl stretching 

vibration along with other peaks appeared at 1456.2, 1260.0, 1164.9, 1112.9 cm
−1

 (CO 

stretching vibration), and 1028.0, 711.7 cm
–1 

(bending vibration of C–H bonds). 
1
H-NMR 

spectra (Figure 1.8) of the homopolymer indicated the existence of –OCH2 group at 4.02 

ppm (broad singlet) along with the methyl protons ranging between 0.86 and 0.90 ppm 

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

decoupled 
13

C-NMR of the sample (Figure 1.9) was in complete agreement with the 

homopolymer. 

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 1.10) showed sharp peak at 1732.9 cm
–1

 for the ester carbonyl 

along with other peaks at 2923.9, 2853.5 cm
–1

 (stretching vibration of C–H bonds), and 

1463.9 cm
–1

 and a band at 1162.0 cm
–1

 (CO stretching vibration). 
1
H-NMR spectra of the 

copolymer (Figure 1.11) showed broad singlet at 4.02 ppm due to –OCH2 protons. The 

absence of singlet between 5 and 6 ppm indicated the absence of sp
2
 protons in the 

copolymer. 
13

C-NMR spectrum (Figure 1.12) of the above sample showed the presence of 

ester carbonyl at 173 ppm. 

The value of extent of incorporation of 1-decene in the copolymer composition, as 

determined from the FT-IR and NMR method
17

 is tabulated in Table 1.1. 

1.1.4.2. Thermogravimetric Analysis (TGA) 

Plot of Percent Weight Loss (PWL) against Temperature (Figure 1.13) presents a 

comparison between the TGA data for homopolymers and copolymers. It shows that the 

copolymers are better in thermal stability than the homopolymers. 

1.1.4.3. Viscometric analysis 
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Viscometric data were obtained using the six equations mentioned. A linear 

relation for the plot of log sp versus log C[], obtained for all samples (Figure 1.14), 

indicates that measurements were performed in Newtonian flow
11,18

. 

Using the graphic extrapolation method, respective intrinsic viscosities ([]) 

(Table 1.2) and viscometric constants were evaluated (Table 1.3). In single point 

determinations, Schulz-Blaschke (SB), Solomon-Ciuta (SC), and Deb-Chatterjee (DC) 

equations were employed to determine the intrinsic viscosity (Table 1.2). Although 

dependent on a constant, the SB equation is commonly applied in single point 

determination because the constant ksb is found to be very close to 0.28 in most of the 

polymer solvent systems
7
. The same is used here also. 

Intrinsic viscosity ([]) values related to all equations for the samples analyzed are 

presented in Table 1.2. Comparison among the copolymers indicates that there is a 

gradual decrease of [] values with the increase of 1-decene content in the monomer 

composition in case of both set of copolymers (P-2 to P-4) and (P-6 to P-8). Except P-6, 

all copolymers show lower intrinsic viscosity compared to their respective homopolymers. 

This indicates that in most of the cases the polymer chain is extended more in the 

homopolymer than in the copolymers. 

Although different intrinsic viscosity values ([]) may be observed by graphic 

extrapolation of Huggins, Kraemer, Martin, and SB equation, in this work the data ([]) 

obtained from these four equations shows a tendency to be close for homopolymer and 

copolymers. For the homopolymer and copolymers, [] values obtained by Huggins and 

Kraemer’s equations were similar (Table 1.2). Both homopolymers and copolymers in 

toluene medium indicate poor solvation as is evident from the respective Huggins constant 

(kh) values (Table 1.3). This conclusion is further supported by ksb values, which are not 

close to 0.28. But negative values of Kraemer coefficient (kk) indicate good salvation of 
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most of the systems analyzed. Thus it can be concluded that the relation kh + kk  ≠ 0.5 and 

ksb  ≠ 0.28 did not put any restriction for the application of Kraemer equation. By 

comparing the percentage difference (Δ % = 100([]/[]h)-100) values  (taking [] 

determined by Huggins equation as a reference) of HIDA and the copolymers determined 

through graphic extrapolation and single point determination (Table 1.4), it can be noticed 

that the range (1.881 % - 20.016 %) was narrow when compared to the values obtained 

from HDDA and its copolymers (11.021 % - 36.386 %). 

Table 1.5 presents a comparison between the values of molecular weight (M) 

obtained by viscometric methods for homopolymers and copolymers analyzed. The 

general trend observed is a gradual decrease in molecular weight with the increase in 1-

decene content in the monomer composition (P-1 to P-4) and same trend is also followed 

from P-5 to P-8 except P-6. The percentage differences (Δ % = 100(M/Mh)-100) obtained 

for viscometric molecular weight values, are shown in Table 1.6. These values were 

calculated taking molecular weight determined by Huggins equation as a reference. Martin 

equation shows the smallest Δ % differences for viscometric molecular weight. 

1.1.4.4. Efficiency of the prepared compounds as pour point depressant 

Physical properties of the base oils are tabulated in Table 1.7. PP values of the 

polymers evaluated in two different base stocks (BO1 and BO2) are presented in Table 

1.8 and Table 1.9, respectively. A graphical presentation of the PP values of the polymers 

in these base oils is also shown in Figure 1.15.1 and 1.15.2, respectively. It has been 

observed that, in both the base oils copolymers showed better performances than the 

respective homopolymers and the values were always better for the copolymers of DDA 

than that of IDA. Also, the efficiency increases by decreasing the concentration of additive 

in the base oil. This can be explained by the solvation power of the oil. Solvation power of 
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any solvent decreases with decreasing temperature and vice versa
5
. Also, with increase in 

molecular weight of the solute and its concentration, solvation power decreases
5
. 

1.1.4.5. Efficiency of the prepared compounds as viscosity modifier 

Table 1.10 and Table 1.11 present the VI values of the prepared homopolymer and 

copolymers in two base oils, BO1 and BO2, respectively. Figure 1.16.1 and Figure 1.16.2 

also depict the VI data in these base oils, respectively. The data obtained clearly shows 

that the homopolymers are of having greater VI values than the respective copolymers and 

the copolymers of DDA showed better performance over the IDA copolymers. Also, with 

the increase of 1-decene content in the feed, the VI is found to decrease for both DDA and 

IDA copolymers. Again, with increasing concentration of the polymer solution, VI is 

found to increase. 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 

solvent molecule. 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 will impart a high viscosity index rather than a low concentration of the same 

polymer
4
. 

1.1.5. Conclusion 

Thermal stability of the copolymers is found better than the corresponding 

homopolymers. There is a gradual decrease of intrinsic viscosity values of the copolymers 

(except P-6) with the increase of 1-decene content in the feed. Negative values of Kraemer 

coefficient indicate good solvation for some of the polymers analyzed, although kh + kk ≠ 

0.5 and ksb ≠ 0.28 for them. In general, there is a gradual decrease in molecular weight 
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with the increase of 1-decene concentration in the copolymer (except P-6). Copolymers 

showed better PPD performance than the homopolymers and best results are obtained with 

DDA + 1-decene copolymers. PPD properties decrease with increasing concentration of 

the additive in the base stocks. In terms of VI properties, homopolymers are found better 

than the respective copolymers. Irrespective of the polymers, VI values are found directly 

proportional to the molecular weight of the polymer (with only one exception) as well as 

with the concentration of the additive in base oil. 

1.1.6. References 

References are given in Bibliography under Chapter-II of Part-I (Page No. 188-

190). 
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1.1.7. Tables and figures 

Table 1.1. Composition of the monomers in the copolymers in terms of mole fraction 

determined by NMR and FT-IR spectroscopic method
17 

 

Sample 

mole fraction of  1-

decene in the feed 

mole fraction of  1-

decene in copolymer 

by NMR method 

mole fraction of 1-

decene in copolymer 

by FT-IR 

P-1 0.0000 0.0000 0.0000 

P-2 0.1440 0.0896 0.0766 

P-3 0.2108 0.1265 0.1146 

P-4 0.2746 0.2185 0.1968 

P-5 0.0000 0.0000 0.0000 

P-6 0.1599 0.1162 0.1021 

P-7 0.2322 0.1347 0.1178 

P-8 0.3001 0.2334 0.2122 

 

P-1: Poly (isodecyl acrylate) (HIDA); P-2 to P-4: copolymers of isodecyl acrylate with 

different mole fraction of 1-decene; P-5: Poly (dodecyl acrylate) (HDDA); P-6 to P-8: 

copolymers of dodecyl acrylate with different mole fraction of 1-decene.  

 

Table 1.2. Intrinsic viscosity ([η]) values calculated by using different equations 

Sample [η]h
a 

[η]k
a 

[η]m
a 

[η]sb
a 

[η]sb
b 

[η]sc
b 

[η]dc
b 

P-1 3.774 3.845 3.881 3.945 4.020 3.983 4.119 

P-2 3.390 3.680 3.626 3.765 3.971 3.937 4.061 

P-3 3.177 3.427 3.374 3.509 3.714 3.679 3.788 

P-4 2.804 3.148 3.053 3.241 3.214 3.184 3.269 
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P-5 4.058 4.361 4.332 4.512 4.637 4.599 4.773 

P-6 4.358 4.476 4.531 4.649 4.646 4.606 4.778 

P-7 3.606 3.886 3.842 4.011 4.137 4.099 4.248 

P-8 3.562 3.869 3.815 3.985 4.088 4.053 4.194 

 

h, k, m, sb, sc, and dc refer to the Huggins, Kraemer, Martin, Schulz- Blaschke, Solomon-

Ciuta, and Deb-Chatterjee equations, respectively. a- Extrapolation of graph; b- Single 

point determination (ksb = 0.28). 

 

Table 1.3. Viscometric constants (k) obtained for all homopolymer and copolymer 

samples 

Sample kh kk km ksb kh+ kk 

P-1 0.475 0.107 0.359 0.294 0.582 

P-2 0.897 -0.002 0.562 0.412 0.895 

P-3 0.924 -0.026 0.596 0.434 0.898 

P-4 1.461 -0.194 0.849 0.571 1.267 

P-5 0.760 0.044 0.479 0.347 0.804 

P-6 0.505 0.102 0.359 0.279 0.607 

P-7 0.873 -0.003 0.555 0.398 0.870 

P-8 0.897 -0.0003 0.559 0.399 0.897 
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Table 1.4. Percentual differences (∆ % = (100[]/[]h)-100) obtained for intrinsic 

viscosity values, Huggins equation taken as a reference 

Sample (∆[η])k
a
 (∆[η])m

a
 (∆[η])sb

a
 (∆[η])sb

b
 (∆[η])sc

b
 (∆[η])dc

b
 

P-1 1.881 2.835 4.531 6.518 5.538 9.141 

P-2 6.006 5.212 8.782 12.493 11.530 15.042 

P-3 7.655 6.546 10.765 17.095 16.040 20.016 

P-4 12.267 8.880 15.584 14.622 13.552 16.583 

P-5 14.172 11.690 17.324 22.760 21.866 26.682 

P-6 19.369 16.450 26.156 31.123 30.326 36.386 

P-7 13.651 11.021 18.595 25.145 24.093 28.800 

P-8 14.359 11.713 28.050 25.239 24.788 29.823 

 

Table 1.5. Viscometric molecular weight (M) values calculated by using different 

equations 

Sample Mh
a 

Mk
a 

Mm
a 

Msb
a 

Msb
b 

Msc
b 

Mdc
b 

P-1 13270 13616 13792 14107 14478 14295 14972 

P-2 11445 12817 12558 13227 14235 14067 14682 

P-3 10465 11617 11370 12003 12980 12812 13338 

P-4 8809 10333 9906 10757 10633 10497 10885 

P-5 14667 16199 16050 16977 17630 17431 18347 

P-6 16183 16791 17076 17693 17676 17467 18373 

P-7 12463 13817 13601 14433 15062 14872 15623 

P-8 12253 13733 13470 14304 14817 14642 15349 
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Table 1.6. Percentual differences obtained for viscometric molecular weight values (∆ 

% = (100[ M/ Mh]- 100), Huggins equation taken as a reference 

Sample (∆M)k
a 

(∆M)m
a 

(∆M)sb
a
 (∆M)sb

b
 (∆M)sc

b
 (∆M)dc

b 

P-1 2.607 3.934 6.307 9.103 7.724 12.826 

P-2 11.900 9.725 15.570 24.377 22.910 28.283 

P-3 11.008 8.648 14.697 24.032 22.427 27.453 

P-4 17.300 12.453 22.114 20.706 19.162 23.567 

P-5 10.408 9.540 15.710 20.161 18.805 25.048 

P-6 3.757 5.518 9.331 9.201 7.934 13.533 

P-7 10.864 9.131 15.807 20.854 19.329 25.355 

P-8 12.079 9.932 16.739 20.925 19.497 25.267 

 

Table 1.7. Base oil properties 

Properties Base oils 

BO1 BO2 

Density (g.cm
-3

) at 313 K 0.837 0.868 

Viscosity at 313 K in cSt 7.136 23.392 

Viscosity at 373 K in cSt 1.856 3.915 

Cloud Point,
0
C -10 -8 

Pour Point,
0
C -3 -6 

 

Table 1.8. Dependence of Pour Point (PP) on the concentration of additives in base 

oil (BO1) 

Conc. 

(wt %) 

PP (
0
C) in the presence of 

P-1 P-2 P-3 P-4 P-5 P-6 P-7 P-8 
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0 -3 -3 -3 -3 -3 -3 -3 -3 

2 -6 -12 -12 -15 -9 -9 -15 -15 

4 -6 -9 -12 -12 -6 -9 -12 -12 

6 -3 -9 -9 -12 -6 -6 -9 -12 

 

Table 1.9. Dependence of Pour Point (PP) on the concentration of additives in base 

oil (BO2)   

Conc. 

(wt %) 

PP (
0
C) in the presence of 

P-1 P-2 P-3 P-4 P-5 P-6 P-7 P-8 

0 -6 -6 -6 -6 -6 -6 -6 -6 

2 -9 -12 -15 -15 -12 -12 -15 -15 

4 -6 -9 -12 -12 -9 -12 -9 -12 

6 -6 -6 -12 -9 -6 -9 -9 -9 

 

Table 1.10. Dependence of Viscosity Index (VI) on the concentration of additives in 

base oil (BO1) 

Conc. 

(wt %) 

VI in the presence of 

P-1 P-2 P-3 P-4 P-5 P-6 P-7 P-8 

0 85 85 85 85 85 85 85 85 

1 92 87 87 86 95 88 87 87 

2 94 90 89 88 98 91 89 88 

3 95 92 90 91 100 93 92 90 

4 100 94 91 91 103 97 94 94 

5 102 96 94 94 106 105 101 97 
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6 105 97 95 95 109 110 103 100 

 

Table 1.11. Dependence of Viscosity Index (VI) on the concentration of additives in 

base oil (BO2) 

Conc. 

(wt %) 

VI in the presence of 

P-1 P-2 P-3 P-4 P-5 P-6 P-7 P-8 

0 80 80 80 80 80 80 80 80 

1 87 86 85 84 90 87 87 86 

2 89 88 86 86 93 90 89 88 

3 90 90 88 87 97 91 89 89 

4 93 91 90 89 100 93 92 90 

5 97 93 92 91 102 95 94 91 

6 100 95 94 92 104 98 96 94 
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Figure 1.1. FT-IR spectra of poly (isodecyl acrylate)  

 

     

 
 

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

C-NMR spectra of poly (isodecyl acrylate) 

 

 
 

Figure 1.4. FT-IR spectra of a representative copolymer of isodecyl acrylate with 1-

decene 
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Figure 1.5. 
1
H-NMR spectra of a representative copolymer of isodecyl acrylate with 

1-decene 

 

 
 

Figure 1.6. 
13

C-NMR spectra of a representative copolymer of isodecyl acrylate with 

1-decene 
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Figure 1.7. FT-IR spectra of poly (dodecyl acrylate) 

 

 
 

Figure 1.8. 
1
H-NMR spectra of poly (dodecyl acrylate) 



49 
 

 
 

Figure 1.9. 
13

C-NMR spectra of poly (dodecyl acrylate) 

 

 
 

Figure 1.10. FT-IR spectra of a representative copolymer of dodecyl acrylate with 1-

decene 
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Figure 1.11. 
1
H-NMR spectra of a representative copolymer of dodecyl acrylate with 

1-decene 

 
 

Figure 1.12. 
13

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

1-decene 
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Figure 1.13. Plot of PWL vs. Temperature. PWL is Percent Weight Loss and 

temperature is measured in Kelvin 

 

Figure 1.14. Plot of log sp vs. log C[], where sp is the specific viscosity of the 

polymer solution in toluene, C is the concentration of the solution in g.cm
-3

, and [] is 

the intrinsic viscosity of the polymer solution in toluene obtained by using Huggins 

equation 
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Figure 1.15.1.  Plot of pour point vs. additive concentration in BO1  

 

Figure 1.15.2.  Plot of pour point vs. additive concentration in BO2 
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Figure 1.16.1. Plot of viscosity index vs. additive concentration in BO1  

 

 

Figure 1.16.2. Plot of viscosity index vs. additive concentration in BO2 
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1.2. Section A: Multifunctional additive performance of  

isodecyl acrylate + 1-decene and isooctyl acrylate + 1-decene 

copolymers 

1.2.1. Introduction 

Encouraged by the result of the previous work, a new additive system based on 

acrylate backbone has been synthesized. In the previous work, homopolymer of isodecyl 

acrylate (HIDA) and its copolymers with 1-decene (IDA + 1-decene) were prepared and 

the analysed results were compared with homopolymer of dodecyl acrylate (HDDA) and 

its copolymers with 1-decene (DDA + 1-decene). In the present work, new copolymers of 

isodecyl acrylate (IDA) with different concentration (mole fraction) of 1-decene were 

prepared to optimize the concentration of 1-decene in the feed which can yield the best 

performance. The results were compared with isooctyl acrylate (IOA) polymers, prepared 

under identical conditions to check how chain length and branching in the acrylate 

backbone influences the different properties.  

In the present work, copolymers of isodecyl acrylate with 1-decene (IDA + 1-

decene), homopolymer of isooctyl acrylate or poly (isooctyl acrylate) (HIOA), and its 

copolymers with 1-decene (IOA + 1-decene) were synthesized. The results of our analysis 

toward the characterization of the polymers by spectral, thermogravimetric, and 

viscometric analysis and also of their evaluated performance as PPDs and VMs have been 

discussed in this work. Homopolymer of isodecyl acrylate, as synthesized in the previous 

work (Chapter-II, Page No. 29) is used for a comparative study with the respective 

copolymers. Comparison of different properties among the copolymers has also been 

presented here. As performance of such kind of additives in field condition is very much 

dependent on the structure and morphology of the polymer in desired solvent, viscometric 
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studies in dilute solution may give valuable information as far as the quality of the solvent 

or base stock employed and chain conformation in dilute solutions are concerned. Since 

reports regarding such information is scanty
1
 and almost nil for polymers used as lube oil 

additives, present work also includes viscometric study
2
 of the copolymers as well as the 

homopolymers. 

1.2.2. Experimental procedure 

1.2.2.1. Materials 

Toluene, hydroquinone, and H2SO4 were purchased from Merck Specialities Pvt. 

Ltd., acrylic acid (stabilized with 0.02 % hydroquinone monomethyl ether) and isodecanol 

from Sisco Research Laboratories Pvt. Ltd., hexane from S D Fine Chem. Ltd., 1-decene 

from Across Organics, methanol from Thomas Baker (Chemicals) Pvt. Ltd., and Benzoyl 

peroxide and 2-ethylhexanol or isooctanol from LOBA chemicals. Benzoyl peroxide 

(BZP) was recrystallized from CHCl3-MeOH mixture and hydroquinone was recrystallised 

from hot water, before use. Rest of the materials was used after distillation. H2SO4 was 

used as received without further purification. Base oils were collected from IOCL, 

Dhakuria, Kolkata, West Bengal. 

1.2.2.2. Esterification 

Esterification of acrylic acid with isodecyl alcohol (isodecanol) and 2-ethylhexanol 

(isooctanol) to prepare isodecyl acrylate (IDA) and isooctyl acrylate (IOA), respectively, 

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). 
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Scheme 1.4: Preparation of isodecyl acrylate (IDA) and isooctyl acrylate (IOA) 

 

1.2.2.3.  Purification of prepared esters 

All of the prepared esters were purified by the process as reported in the previous 

chapter (Chapter-II, Page No. 27). 

1.2.2.4. Preparation of copolymer and homopolymer 

Homopolymer of IOA or poly (isooctyl acrylate) (HIOA) was prepared and in the 

preparation of IDA + 1-decene and IOA + 1-decene copolymers, different concentration 

(mole fraction) of 1-decene was used (Table 1.12). The thermal polymerization was 

carried out in toluene solvent using BZP as initiator and by following the method as 

reported in the previous chapter (Chapter-II, Page No. 28). 

 

 

Scheme 1.5: Preparation of poly (isooctyl acrylate) 
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Scheme 1.6: Preparation of copolymer of isodecyl acrylate and isooctyl acrylate with 

1-decene 

 

1.2.3. Measurements 

1.2.3.1. Spectroscopic measurements 

Shimadzu FT-IR 8300 spectrophotometer as well as Perkin Elmer FT-IR 

spectrometer were used to record the IR spectra of the samples using KBr cells (0.1 mm) 

at room temperature within the wave number range 400-4000 cm
–1

. 
1
H and 

13
C-NMR 

spectra were recorded in CDCl3 in a 300 MHz Bruker Avance FT-NMR spectrometer 

using 5 mm BBO probe. Tetramethylsilane (TMS) was used as reference material.  

1.2.3.2. Viscometric measurements 

The viscometric molecular weight of the polymers in solution can be determined 

by using Mark Houwink Sukurda (MHS) equation (eqn. 1), measuring the intrinsic 

viscosity of the polymer solution in toluene. According to that equation, the value of 

intrinsic viscosity ( changes with the molecular weight of the polymer in a solvent as: 

                                                          [] = KM
a                                                                               (1) 

Where, M is the viscosity average molecular weight and K and a are the Mark Houwink 

constants. The values of K and a are specific for every polymer-solvent combination. So, 

to get an accurate measure of molecular weight, these constant values are to be known for 
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appropriate polymer-solvent combination. For a new polymer, it is not possible to get the 

accurate molecular weight, but an idea of whether the molecular weight value is low or 

high can be drawn by using these values of similar types of polymers. 

The most commonly used equations for the study of viscometric properties of a 

dilute polymer solution at a particular temperature by graphic extrapolation
3–7 

are (eqns. 2 

to 5):  

Huggins   (H)                                 ηsp/C = [η]h + kh [η]h
2
                                                            (2)     

Kraemer   (K)                                 ln ηr/C = [η]k – kk [η]k
2 
C                                                     (3)                                           

Martin      (M)                                 ln ηsp/C = ln [η]m + km [η]m C                                          (4) 

Schulz-Blaschke   (SB)                 ηsp/C = [η]sb + ksb [η]sb ηsp                                                            (5) 

Where, C = concentration of the solution in g.cm
–3 

              r t/to = time of flow of the solution /time of flow of pure solvent 

                         = relative viscosity or viscosity ratio  

              sp = r –1,   specific viscosity                                                            

h intrinsic viscosity, respective to Huggins equation     

              k = intrinsic viscosity, respective to Kraemer equation      

              m= intrinsic viscosity, respective to Martin equation    

sbintrinsic viscosity, respective to Schulz-Blaschke equation 

 kh, kk, km, and ksb are Huggins, Kraemer, Martin, and Schulz-Blaschke coefficients, 

respectively. 

Some relations have also been proposed for determining the intrinsic viscosity in 

dilute polymer solution from single point determination method. This method has the 

advantage of being considerably faster and is better than the graphic extrapolation method 

when a large number of samples must be analysed in short period of time, practically in 

industrial laboratories. Most useful of these
4–6 

are (eqns. 6 and 7): 
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Solomon-Ciuta (SC)                      [η] = (2(ηsp – ln ηr))
1/2

/C                                                   (6) 

Deb-Chatterjee (DC)                        [η] = (3 ln ηr + 3/2 ηsp
2
 – 3 ηsp)

1/3
/C                              (7)                                                        

The use of these equations has been derived under the supposition of the validity of 

the relationship kh + kk = 0.5
4
. The unit of intrinsic viscosity and concentration are dL.g

–1
 

and g.cm
–3

, respectively. 

For the determination of viscometric properties of the polymers in toluene solution, 

the experiment was carried out at 313 K, using an Ubbelohde OB viscometer. Time flow 

of eight different concentrated solutions of each of the polymer samples was taken. A 

chronometer was used for manual determination of the time flow of the solution. In the 

single point determination method, the lowest solution concentration value was chosen for 

calculation. For the determination of viscosity average molecular weight (M), the Mark 

Houwink constants K= 0.00387 dL.g
–1

 and a = 0.725 were employed
2,8

 in MHS relation to 

get an idea of whether the molecular weight value is low or high. During the 

measurements adequate precautions were taken regarding the loss due to solvent 

evaporation. 

1.2.3.3. Thermogravimetric Analysis (TGA) 

TGA was carried out on a mettler TA-3000 system in air at a heating rate of 10 

K.min
–1

.  

1.2.3.4. Evaluation of Pour Point (PP) of the additives in lube oil 

The PP of the prepared polymers in two base oils (BO1 and BO2) was tested 

according to the ASTM D97-09 method on a Cloud and Pour Point Tester model WIL-471 

(India). Different concentrations ranging from 1 wt % to 3 wt % were used to check how 

the PP of lube oils varies with additive concentration. An average of three experimental 

data taken under identical condition was recorded.  

1.2.3.5. Evaluation of Viscosity Index (VI) of the additives in lube oil 
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The VI of the prepared polymers was evaluated in two base oils (BO1 and BO2) by 

following the equations
9
 as reported in the previous chapter (Chapter-II, Page No. 32). 

Polymer solutions of different concentrations ranging from 1 wt % to 6 wt % were 

prepared to investigate the viscosity modifier properties of the polymers with the change 

in its concentration. The dynamic viscosity of the polymer samples was measured at 313 K 

and 373 K. Each measurement was repeated thrice and their average was recorded. 

Viscometric properties of the prepared samples were determined using an 

Ubbelohde OB viscometer, thoroughly cleaned, dried and calibrated at the experimental 

temperatures (313 K and 373 K) with triply distilled, degassed water and purified 

methanol
10,11

.
 
It was then filled with experimental liquid and placed vertically in a glass 

sided thermostat. After reaching thermal equilibrium, the time flow of liquids was 

recorded with a digital stopwatch. In all determinations an average of three measurements 

was taken into account and precautions were taken to minimize losses due to evaporation.  

1.2.4. Results and discussions 

1.2.4.1. Spectroscopic data 

FT-IR spectra (Figure 1.17) of poly (isodecyl acrylate) or homopolymer of isodecyl 

acrylate (HIDA) exhibited absorption band at 1732.0 cm
–1

 for the ester carbonyl stretching 

vibration along with other peaks at 1456.2, 1379.0, 1260.0, and 1166.9 cm
–1

 (CO 

stretching vibration), and at 750.0, 710.0 cm
–1

 (bending of C–H bonds). In its 
1
H-NMR 

spectra (Figure 1.18), HIDA showed a broad singlet centered at 4.02 ppm due to the 

proton of –OCH2 group, another broad singlet centered at 0.86 ppm was due to methyls of 

isodecyl chain. In the proton decoupled 
13

C-NMR of the homopolymer (Figure 1.19), the 

carbonyl carbon appears at 174.47 ppm along with other carbons. Absence of peak in the 

range 130-150 ppm indicates absence of any sp
2 
carbon in the homopolymer. 
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The formation of the copolymer was confirmed by FT-IR, 
1
H-NMR, and 

13
C-NMR 

analysis. In its FT-IR spectra (Figure 1.20), the copolymer showed a broad peak ranging 

from 1732.0 to 1737.7 cm
–1

 for ester carbonyl along with other peaks at 2928.7, 2871.8 

cm
–1

 (stretching vibration of C–H bonds), and 1462.9 cm
–1

, and a band at 1164.0 cm
–1

(CO 

stretching vibration). In the 
1
H-NMR spectra (Figure 1.21) of the copolymer, a broad 

singlet at 4.05 ppm was due to the protons of –OCH2 group. Methyls of the isodecyl chain 

appeared between 0.81 and 0.87 ppm and the absence of singlets between 5 and 6 ppm 

indicated the absence of any sp
2
 proton in the copolymer. In the 

13
C-NMR spectrum 

(Figure 1.22) of the copolymer, the carbonyl carbon appears at 174.47 ppm along with 

other carbons. Absence of peak in the range 130-150 ppm indicates absence of any sp
2 

carbon in the copolymer. 

IR spectrum of the poly (isooctyl acrylate) (Figure 1.23) exhibited absorption at 

1731.0 cm
−1

 for the stretching vibration of ester carbonyl. Peaks at 1260.0 cm
−1

 and at 

1164.9 cm
−1

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

peaks at 961.4, 775.0 and 720.0 cm
−1

 were due to the bending vibration of C−H bond. A 

broad peak ranging from 2929.6 to 2950.0 cm
−1

 indicated the presence of C−H stretching 

vibration. 
1
H and 

13
C-NMR was also in complete agreement with the homopolymer. In its 

1
H-NMR spectra (Figure 1.24), the homopolymer of IOA showed a broad singlet centered 

at 4.01 ppm for the protons of the −OCH2 group; a broad singlet at 0.89 ppm was for the 

methyl groups of isooctyl chain. The proton decoupled 
13

C-NMR of the above sample 

(Figure 1.25) showed no peak between 130 and 150 ppm which indicated the absence of 

any sp
2
 carbon. The presence of the ester carbonyl group was indicated by the peak at 

170.42 ppm. 

IR spectrum of the copolymer of isooctyl acrylate with 1-decene (Figure 1.26) 

exhibited absorption at 1732.0 cm
−1

 for the stretching vibration of ester carbonyl. Peaks at 
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1260.0 cm
−1

 and at 1163.4 cm
−1

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

the absorption peaks at 1028.0 cm
−1

 and 760.9 cm
−1

 were due to the bending vibration of 

C−H bond. Peaks at 2929.5 cm
−1

 and 2854.5 cm
−1

 indicated the presence of C−H 

stretching vibration. The formation of the copolymer was also indicated by the absence of 

a 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 1.27 and Figure 1.28), 

respectively.  

The extent of incorporation of 1-decene in the copolymer composition, as 

determined from FT-IR and NMR methods
12

, increases with increasing 1-decene 

concentration in the feed (Table 1.12).  

1.2.4.2. Thermogravimetric Analysis (TGA) 

Plot of Percent Weight Loss (PWL) against temperature (Figure 1.29) reveals that 

the IOA polymers are thermally more stable than the IDA polymers. Again, among all the 

polymers of IDA, the copolymer with maximum of 1-decene (P-4) content is the most 

stable while the homopolymer of IOA (P-5) is the most stable among the IOA polymers. 

1.2.4.3. Viscometric analysis 

By using the abovementioned six equations, viscometric data (ηr = relative 

viscosity, ηsp = specific viscosity, [η] = intrinsic viscosity, etc.) were obtained. Plot of log 

ηsp versus log C[η], for all samples (Figure 1.30), shows linearity in all cases which 

indicates that while the experiments were performed, Newtonian flow was there in the 

solution
6,13

.
 

In Table 1.13, the intrinsic viscosities ([η]) of all samples determined by using the 

abovementioned equations are shown. In both single point determination and the graphic 

extrapolation method, the SB equation is applied
2
. For many polymer-solvent systems, ksb 

used in SB equation is found to be very close to 0.28
2
 and so the same value is used for the 
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SB single point determination method. Comparison among all the polymers of IDA 

indicates that, the homopolymer (HIDA, P-1) has greater intrinsic viscosity ([η]) values 

(corresponding to all the six equations mentioned) than the copolymers with 1-decene and 

for the copolymers, the [η] values decrease with increasing concentration of 1-decene in 

the feed. This indicates homopolymer chains are more extended in the solution than the 

copolymers. For the polymers of IOA, the [η] values for the homopolymer are lower than 

the copolymers and comparison among the [η] values of the copolymers shows that the [η] 

values increase with increasing concentration of 1-decene in the feed. So, there is a less 

extended conformation of the homopolymer chain compared to the copolymers and in the 

case of copolymers, stretching of the chain is more and more with increasing percentage of 

1-decene in the feed. Also, comparison among the [η] values of IOA and IDA polymers 

shows that the values of IOA polymers are greater than that of IDA polymers which 

indicates more solute-solvent interaction for IOA polymers than IDA polymers in toluene 

solution. 

From the viscometric constant values (kh, kk, km, and ksb) as obtained from the four 

equations (Huggins, Kraemer, Martin, and Schulz-Blaschke, respectively) of the graphic 

extrapolation method (Table 1.14), it may be concluded that there exists good solvation of 

the polymer in toluene and thus the extended chain orientation may also be predicted for 

all the polymer solutions
4
. The kh + kk values also point toward the same conclusion

4
. 

Percentual difference (Δ %) of [η] values of all the polymers (Table 1.15) taking Huggins 

equation as reference and determined through all the equations shows that the range (1.525 

% - 10.691 %) for IDA polymers was narrow compared to the range (0.261 % - 18.593 %) 

for IOA polymers. 

The viscometric molecular weight (M) values for all the polymers were calculated 

by measuring the [η] values following the MHS equation and are tabulated in Table 1.16. 
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For the IDA polymers, the homopolymer has greater molecular weight value than the 

copolymers and comparison among the copolymers indicate that with increasing 1-decene 

concentration M value decreases, whereas the trend is reversed for the IOA polymers; that 

is, the homopolymer of IOA has lower molecular weight value than the copolymers and 

with increasing concentration of 1-decene content in the copolymer, molecular weight 

increases. Also, the IOA polymers have greater molecular weight values than the IDA 

polymers. The percentual difference (Δ %) of molecular weight values, taking that 

determined by Huggins equation as a reference shows smallest ΔM % differences for the 

Kraemer equation (Table 1.17). 

1.2.4.4. Performance evaluation of the additives as Pour Point Depressant (PPD)  

Physical properties of the base oils are tabulated in Table 1.18. PP values of 

polymer solutions of different concentrations ranging from 1 wt % to 3 wt % were tested 

and the results are tabulated in Table 1.19 (in base oil, BO1) and Table 1.20 (in base oil, 

BO2). A graphical presentation of the PP values of the polymers in these base oils is also 

shown in Figure 1.31.1 and 1.31.2, respectively. The result indicates that the prepared 

compounds have a low PP and they can be effectively used as a PPD. In most of the cases, 

the efficiency increases with decreasing concentration of additive doped solution and the 

trend is opposite in some cases (P-5 and P-6 in Table 1.20). The reason for the former is 

the solvation power
14

 of the oil. With decreasing temperature, any solvent gradually 

becomes less efficient in solvation and when the molecular weight of the solute and its 

concentration increases, solvation becomes even lesser
14

. Again, hydrodynamic volume of 

the polymer doped in oil may be considered to explain the increasing PPD properties with 

the increase in additive concentration
15

. With increase in the concentration of the polymer 

doped in oil, the polymer-oil interaction as well as the hydrodynamic volume of the 
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polymer increases. Also, both homopolymer and copolymers of IOA act as better PPD 

than the polymers of IDA. 

1.2.4.5. Performance evaluation of the prepared additives as VM 

The dynamic viscosity and VI values, of the prepared polymers in base oil (BO1) 

are tabulated in Table 1.21 and Table 1.22, respectively. The same data of all the 

polymers in BO2 are recorded in Table 1.23 and Table 1.24, respectively. A graphical 

presentation of the VI values of the polymers in these base oils is also shown in Figure 

1.32.1 and 1.32.2, respectively. In general, dynamic viscosity of the prepared solutions 

increases with increasing concentration of the additives irrespective of the nature of the 

base oils. A similar trend is also observed in the case of calculated VI values of the 

respective additive doped base oils. 

1.2.4.5.1. Effect of monomers on VI 

The data shows that the VI for any IDA + 1-decene copolymer is lower than that 

for the respective IOA + 1-decene copolymer. Also, HIDA is of lower VI than HIOA; that 

is, longer chain length and short branching of the alcohol contribute less toward VI values 

than do short chain and longer branching. This result was ascribed to the lower molecular 

weight of the IDA polymers compared to the IOA polymers because polymerizability of 

IOA is greater than the polymerizability of IDA. 

1.2.4.5.2. Effect of 1-decene concentration in the feed on VI 

The data of VI values indicate that, for IDA + 1-decene copolymers, the values 

decrease with increasing content of 1-decene for the same concentration of the polymer 

solution in both the base oils. But, for IOA + 1-decene copolymers, the trend is reversed. 

This may be because of the reason relating to molecular weight. 

1.2.4.5.3. Effect of additive concentration on VI 
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The data of Table 1.22 and Table 1.24 indicates that with increasing concentration 

of the prepared polymers in solution, VI increases. The reason for this may be, while the 

viscosity of the lube oil gets decreased at higher temperature, the polymer molecules may 

effectively thicken the oil by changing its shape from tight coil to expanded ones due to 

increased polymer-solvent interaction. Increase in viscosity due to the thickening effect of 

the polymer molecule cancels out viscosity reduction due to a higher temperature. Again, a 

higher polymer concentration will show a higher viscosity index compared to a lower one 

as an increase of polymer concentration increases total volume of polymer micelles in the 

solution
16

. 

1.2.5. Conclusion 

It is observed that at higher 1-decene content the copolymer of isodecyl acrylate 

shows better PPD properties but at lower 1-decene content it shows better VM properties. 

The homopolymer and copolymers of isooctyl acrylate are better in thermal stability, have 

greater intrinsic viscosity and molecular weight in toluene solvent. They also show better 

VM and PPD properties compared to the homopolymer and copolymers of isodecyl 

acrylate. Thus it can be concluded that, polymers of isooctyl acrylate perform as better 

multifunctional lube oil additives than those of isodecyl acrylate. 

1.2.6. References 

References are given in Bibliography under Chapter-III; Section A of Part-I (Page 

No. 190-192). 
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1.2.7. Tables and Figures 

Table 1.12. Composition of the monomers in the copolymers in terms of mole fraction 

determined by NMR and FT-IR spectroscopic method
12 

 

Sample 

mole fraction of  1-

decene in the feed 

mole fraction of  1-

decene in copolymer 

by NMR method 

mole fraction of 1-

decene in copolymer 

by FT-IR 

P-1 0.0000 0.0000 0.0000 

P-2 0.0154 0.0144 0.0147 

P-3 0.0438 0.0427 0.0435 

P-4 0.0704 0.0686 0.0698 

P-5 0.0000 0.0000 0.0000 

P-6 0.0130 0.0116 0.0121 

P-7 0.0390 0.0364 0.0372 

P-8 0.0647 0.0613 0.0622 

 

P-1: Poly (isodecyl acrylate) (HIDA), P-2 to P-4: copolymer of IDA + different mole 

fractions of 1-decene, P-5: Poly (isooctyl acrylate) (HIOA), P-6 to P-8: copolymer of IOA 

+ different mole fractions of 1-decene. 

 

Table 1.13. Intrinsic viscosity ([η]) values calculated by using different equations 

Sample [η]h
a 

[η]k
a 

[η]m
a 

[η]sb
a 

[η]sb
b 

[η]sc
b 

[η]dc
b 

P-1 3.774 3.845 3.881 3.945 4.020 3.983 4.119 

P-2 3.704 3.808 3.823 3.901 3.997 3.960 4.100 

P-3 3.643 3.756 3.766 3.857 3.934 3.898 4.021 

P-4 3.541 3.595 3.622 3.694 3.697 3.664 3.788 
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P-5 6.374 6.501 6.773 7.078 6.634 6.620 6.987 

P-6 7.291 7.310 7.768 8.128 7.382 7.390 7.848 

P-7 7.581 7.679 8.174 8.604 7.816 7.842 8.438 

P-8 7.745 8.132 8.611 9.185 8.301 8.357 8.939 

 

h, k, m, sb, sc, and dc refer to the Huggins, Kraemer, Martin, Schulz- Blaschke, Solomon-

Ciuta, and Deb-Chatterjee equations, respectively. a- Extrapolation of graph. b- Single 

point determination (ksb = 0.28). 

 

Table 1.14. Viscometric constants (k) obtained for all homopolymer and copolymer 

samples 

Sample kh kk km ksb kh+ kk 

P-1 0.475 0.107 0.359 0.294 0.582 

P-2 0.530 0.092 0.391 0.314 0.622 

P-3 0.561 0.080 0.411 0.323 0.641 

P-4 0.483 0.097 0.375 0.302 0.580 

P-5 0.481 0.107 0.308 0.221 0.588 

P-6 0.429 0.115 0.272 0.194 0.544 

P-7 0.461 0.110 0.279 0.194 0.571 

P-8 0.559 0.101 0.301 0.199 0.660 

 

Table 1.15. Percentual difference (∆ % = 100([]/[]h)-100) obtained for intrinsic 

viscosity values, Huggins equation taken as reference  

Sample (∆[η])k
a 

(∆[η])m
a 

(∆[η])sb
a 

(∆[η])sb
b 

(∆[η])sc
b 

(∆[η])dc
b 

P-1 1.881 2.835 4.531 6.518 5.538 9.141 
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P-2 2.808 3.213 5.319 7.910 6.911 10.691 

P-3 3.102 3.376 5.874 7.988 7.000 10.376 

P-4 1.525 2.287 4.321 4.406 3.474 6.975 

P-5 1.992 6.260 11.045 4.079 3.859 9.617 

P-6 0.261 6.542 11.425 1.248 1.358 7.640 

P-7 1.293 7.822 13.494 3.100 3.443 11.305 

P-8 4.997 11.181 18.593 7.179 7.902 15.416 

 

Table 1.16. Viscometric molecular weight (M) values calculated by using different 

equations 

Sample Mh
a 

Mk
a 

Mm
a 

Msb
a 

Msb
b 

Msc
b 

Mdc
b 

P-1 13270 13616 13792 14107 14478 14295 14972 

P-2 12932 13436 13509 13890 14364 14181 14877 

P-3 12639 13183 13232 13675 14053 13876 14483 

P-4 12154 12410 12539 12884 12898 12740 13338 

P-5 27342 28096 29730 31593 28892 28808 31034 

P-6 32911 33030 35918 38234 33479 33529 36429 

P-7 34731 35351 38532 41356 36224 36390 40259 

P-8 35771 38260 41402 45256 39361 39727 43593 

 

Table 1.17. Percentual difference (∆ % = 100(M/Mh)-100) obtained for molecular 

weight  values, Huggins equation taken as reference  

Sample (∆M)k
a 

(∆M)m
a 

(∆M)sb
a 

(∆M)sb
b 

(∆M)sc
b 

(∆M)dc
b 

P-1 2.607 3.934 6.307 9.103 7.724 12.826 

P-2 3.897 4.462 7.408 11.073 9.658 15.040 
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P-3 4.304 4.692 8.197 11.188 9.787 14.590 

P-4 2.106 3.168 5.998 6.121 4.821 9.742 

P-5 2.758 8.734 15.548 5.669 5.362 13.503 

P-6 0.362 9.137 16.095 1.726 1.878 10.689 

P-7 1.785 10.944 19.075 4.299 4.777 15.917 

P-8 6.958 15.742 26.516 10.036 11.059 21.867 

 

 

Table 1.18. Base oil properties 

Properties base oils 

BO1 BO2 

density (g.cm
–3

) at 313 K 0.837 0.868 

viscosity at 313 K in cSt 7.136  23.392  

viscosity at 373 K in cSt 1.856  3.915  

cloud point/ 
0
C -10 -8 

pour point/ 
0
C -3 -6 

 

Table 1.19. Pour Point (PP) of the additives doped in base oil (BO1) 

Conc. 

 (wt %) 

PP/ 
0
C in presence of 

P-1 P-2 P-3 P-4 P-5 P-6 P-7 P-8 

0 -3 -3 -3 -3 -3 -3 -3 -3 

1 -6 -10 -11 -12 -15 -12 -13 -14 

2 -6 -10 -11 -11 -15 -12 -12 -13 

3 -6 -10 -10 -11 -15 -9 -11 -12 
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Table 1.20. Pour Point (PP) of the additives doped in base oil (BO2) 

Conc. 

(wt %) 

PP/ 
0
C in presence of 

P-1 P-2 P-3 P-4 P-5 P-6 P-7 P-8 

0 -6 -6 -6 -6 -6 -6 -6 -6 

1 -10 -11 -12 -12 -16 -19 -18 -15 

2 -9 -11 -11 -12 -17 -19 -17 -15 

3 -9 -10 -11 -11 -18 -20 -16 -14 

 

Table 1.21. Dynamic viscosity values of the additives doped in base oil (BO1) 

Conc. 

(wt %) 

Temp. 

(K) 

dynamic viscosity (cP) in presence of 

P-1 P-2 P-3 P-4 P-5 P-6 P-7 P-8 

0 313  5.972 5.972 5.972 5.972 5.972 5.972 5.972 5.972 

 373  1.481 1.481 1.481 1.481 1.481 1.481 1.481 1.481 

1 313  6.150 6.128 6.074 6.055 6.108 6.039 6.015 6.114 

 373  1.523 1.517 1.507 1.499 1.515 1.494 1.494 1.531 

2 313  6.207 6.199 6.127 6.176 6.252 6.100 6.077 6.179 

 373  1.539 1.534 1.521 1.526 1.569 1.506 1.513 1.553 

3 313  6.289 6.284 6.224 6.252 6.356 6.170 6.174 6.266 

 373  1.554 1.545 1.539 1.543 1.634 1.523 1.539 1.584 

4 313 6.391 6.371 6.291 6.349 6.464 6.236 6.257 6.322 

 373  1.582 1.577 1.560 1.567 1.678 1.537 1.569 1.605 

5 313  6.444 6.458 6.380 6.417 6.567 6.311 6.319 6.392 

 373  1.598 1.598 1.581 1.581 1.722 1.562 1.590 1.625 

6 313  6.520 6.564 6.438 6.511 6.646 6.388 6.401 6.503 

 373  1.619 1.622 1.596 1.603 1.766 1.592 1.620 1.664 
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Table 1.22. Viscosity Index (VI) values of the additives doped in base oil (BO1) 

Conc. 

(wt %) 

VI in presence of 

P-1 P-2 P-3 P-4 P-5 P-6 P-7 P-8 

0 85 85 85 85 85 85 85 85 

1 92 91 90 88 91 86 89 98 

2 94 93 92 91 103 87 93 102 

3 95 94 93 93 119 89 97 108 

4 100 99 97 96 125 91 103 111 

5 102 100 99 97 130 97 107 114 

6 105 103 101 100 136 103 112 120 

 

Table 1.23. Dynamic viscosity values of the additives doped in base oil (BO2) 

Conc.  

(wt %)  

Temp. 

(K) 

dynamic viscosity (cP) in presence of 

P-1 P-2 P-3 P-4 P-5 P-6 P-7 P-8 

0 313  20.305 20.305 20.305 20.305 20.305 20.305 20.305 20.305 

373  3.247 3.247 3.247 3.247 3.247 3.247 3.247 3.247 

1 313  21.344 21.423 21.375 21.296 21.776 21.647 21.842 21.843 

373  3.418 3.423 3.413 3.401 3.498 3.452 3.538 3.596 

2 313  21.446 21.493 21.500 21.400 21.948 21.786 21.982 21.973 

373  3.446 3.450 3.442 3.420 3.554 3.485 3.606 3.636 

3 313  21.541 21.563 21.600 21.484 21.892 21.919 22.076 22.095 

373  3.468 3.467 3.460 3.442 3.588 3.530 3.643 3.683 

4 313 21.662 21.700 21.729 21.609 22.008 22.019 22.185 22.194 

373  3.514 3.505 3.510 3.485 3.633 3.576 3.677 3.712 

5 313  21.802 21.787 21.840 21.736 22.306 22.124 22.303 22.344 
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373  3.580 3.561 3.556 3.537 3.842 3.614 3.726 3.772 

6 313  21.919 21.904 21.944 21.860 22.553 22.225 22.401 22.493 

373  3.627 3.613 3.605 3.573 4.108 3.664 3.776 3.859 

 

Table 1.24. Viscosity Index (VI) values of the additive doped in base oil (BO2) 

Conc.  

(wt %) 

VI in presence of 

P-1 P-2 P-3 P-4 P-5 P-6 P-7 P-8 

0 80 80 80 80 80 80 80 80 

1 87 87 86 86 90 87 93 98 

2 89 89 88 87 94 89 98 100 

3 90 89 88 88 97 92 100 102 

4 93 92 92 91 100 95 101 103 

5 97 96 95 94 112 97 104 106 

6 100 99 98 96 124 100 106 111 
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Figure 1.17. FT-IR spectra of poly (isodecyl acrylate)  

 

 

     

 
 

Figure 1.18. 
1
H-NMR spectra of poly (isodecyl acrylate) 
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Figure 1.19. 
13

C-NMR spectra of poly (isodecyl acrylate) 

 

 

 
 

Figure 1.20. FT-IR spectra of a representative copolymer of isodecyl acrylate with 1-

decene 
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Figure 1.21. 
1
H-NMR spectra of a representative copolymer of isodecyl acrylate with 

1-decene 

 
 

Figure 1.22. 
13

C-NMR spectra of a representative copolymer of isodecyl acrylate with 

1-decene 
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Figure 1.23. FT-IR spectra of poly (isooctyl acrylate) 

 

 
 

Figure 1.24. 
1
H-NMR spectra of poly (isooctyl acrylate) 
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Figure 1.25. 
13

C-NMR spectra of poly (isooctyl acrylate) 
 

 

 
 

Figure 1.26. FT-IR spectra of a representative copolymer of isooctyl acrylate with 1-

decene 
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Figure 1.27. 
1
H-NMR spectra of a representative copolymer of isooctyl acrylate with 

1-decene 

 
 

Figure 1.28. 
13

C-NMR spectra of a representative copolymer of isooctyl acrylate with 

1-decene 
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Figure 1.29. Plot of PWL vs. Temperature. PWL is Percent Weight Loss and 

temperature is measured in Kelvin. 

 

Figure 1.30. Plot of log sp vs. log C [], where sp is the specific viscosity of the 

polymer solution in toluene, C is the concentration of the solution in g.cm
-3

, and [] is 

the intrinsic viscosity of the polymer solution in toluene obtained by using Huggins 

equation. 
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Figure 1.31.1. Plot of pour point vs. additive concentration in BO1 

 

 

 
 

Figure 1.31.2. Plot of pour point vs. additive concentration in BO2 
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Figure 1.32.1. Plot of viscosity index vs. additive concentration in BO1 

 

 

 
 

Figure 1.32.2. Plot of viscosity index vs. additive concentration in BO2     
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1.3. Section B: Multifunctional additive performance of decyl 

acrylate + 1-decene and isooctyl acrylate + 1-decene copolymers 

1.3.1. Introduction 

Encouraged by the result of the previous investigation, decyl acrylate (DA) was 

selected as a potential candidate for the synthesis of polymeric additives. Synthesis of its 

homopolymer (HDA) and also copolymers with 1-decene (DA + 1-decene) were carried 

out. All the polymers were characterized by spectral and thermogravimetric analysis. As 

performance of such kind of additives in field condition is very much dependent on the 

structure and morphology of the polymer in desired solvent, viscometric studies in dilute 

solution may give valuable information as far as the quality of the solvent or base stock 

employed and chain conformation in dilute solutions are concerned. Since reports 

regarding such information is scanty
1
 and almost nil for polymers used as lube oil 

additives, present work also includes viscometric study
2
 of the copolymers as well as the 

homopolymers. Performance evaluation of the prepared polymeric additives as Pour Point 

Depressant (PPD) and Viscosity Modifier (VM) was also carried out. The results of this 

analysis were compared with the results of isooctyl acrylate (IOA) polymers i.e. poly 

(isooctyl acrylate) (HIOA) and and its copolymers with 1-decene (IOA + 1-decene) as 

reported in the previous work (Chapter-III, Section A). 

1.3.2. Experimental procedure 

1.3.2.1. Materials 

Toluene, hydroquinone, and H2SO4 were purchased from Merck Specialities Pvt. 

Ltd., acrylic acid (stabilized with 0.02 % hydroquinone monomethyl ether) from Sisco 

Research Laboratories Pvt. Ltd., decyl alcohol (decanol) and hexane from S D Fine Chem. 

Ltd., 1-decene from Across Organics, methanol from Thomas Baker (Chemicals) Pvt. 

Ltd., benzoyl peroxide (BZP) from LOBA chemicals. BZP was recrystallized from 
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CHCl3-MeOH mixture before use. All other were used as they obtained without further 

purification. Base oils were collected from IOCL, Dhakuria, Kolkata, West Bengal. 

1.3.2.2. Esterification  

Esterification of acrylic acid with decyl alcohol to prepare decyl acrylate (DA) 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 1.7: Preparation of decyl acrylate (DA) 

 

1.3.2.3. Purification of prepared esters  

All of the prepared esters were purified by the process as reported in the previous 

chapter (Chapter-II, Page No. 27). 

1.3.2.4. Preparation of copolymer and homopolymer  

Homopolymer of DA (HDA) was prepared and in the preparation of DA + 1-

decene copolymers, different concentration (mole fractions) of 1-decene was used (Table 

1.25). The thermal polymerization was carried out in toluene solvent using BZP as 

initiator and by following the method as reported in the previous chapter (Chapter-II, Page 

No. 28). 

 

Scheme 1.8: Preparation of poly (decyl acrylate)  
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Scheme 1.9: Preparation of copolymer of decyl acrylate with 1-decene 

  

1.3.3. Measurements 

1.3.3.1. Spectroscopic measurements  

Spectroscopic IR spectra were recorded on a Shimudzu FT-IR 8300 spectrometer 

as well as in Perkin Elmer FT-IR 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. 

1.3.3.2. Viscometric measurements  

Viscometric measurements were carried out using graphic extrapolation as well as 

by the single point determination method
3-7

. The later method has the advantage of being 

considerably faster and can be adequate when a large number of samples must be analyzed 

in short period of time, practically in industrial laboratories.  

Among the graphic extrapolation method, the most commonly used equations are:  

Huggins (H)                            ηsp/C = [η]h + kh [η]h
2 
C                                                       (1) 

Kraemer (K)                            ln ηr/C = [η]k – kk [η]k
2 
C                                                    (2) 

Martin (M)                               ln (ηsp/C) = ln [η]m + km [η]m C                                          (3) 

Schulz-Blaschke (SB)              ηsp/C = [η]sb + ksb [η]sb ηsp                                                                    (4) 

Where, C = concentration of the solution in g.cm
–3

 

r t/to, relative viscosity or viscosity ratio  
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              sp = r –1,   specific viscosity                                                            

[]h = intrinsic viscosity, respective to Huggins equation     

              []k = intrinsic viscosity, respective to Kraemer equation      

              []m = intrinsic viscosity , respective to Martin equation    

[]sb= intrinsic viscosity, respective to Schulz-Blaschke equation  

kh, kk, km, and ksb are Huggins, Kraemer, Martin, and Schulz-Blaschke coefficients, 

respectively. 

For single point determination method, the equations used are: 

Solomon-Ciuta (SC)                 [η] = (2(ηsp – ln ηr))
1/2

/C                                                   (5) 

Deb-Chatterjee (DC)                [η] = (3 ln ηr + 3/2 ηsp
2
 – 3 ηsp)

1/3
/C                                  (6) 

The use of these equations has been derived under the supposition of the validity of 

the relationship kh+ kk = 0.5
4
. The unit of intrinsic viscosity and concentration are dL.g

−1
 

and g.cm
–3

, respectively. 

Viscometric properties were determined at 313 K in toluene solution, using an 

Ubbelohde OB viscometer. Experimental determination was carried out by counting time 

of flow of 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. For 

the determination of viscosity-average molecular weight (M), the Mark Houwink constants 

K= 0.00387 dL.g
−1

 and a = 0.725 were employed
2,8

 in Mark Houwink Sukurda (MHS) 

equation (eqn. 7). The values of K and a are specific for every polymer-solvent 

combination. So, to get an accurate measure of molecular weight, these constant values are 

to be known for appropriate polymer-solvent combination. In this investigation, the values 

K= 0.00387 dL.g
−1

 and a = 0.725 were employed to get an idea of whether the molecular 
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weight value is low or high. During the measurements adequate precautions were taken 

regarding the loss due to solvent evaporation. 

                                                  [] = KM
a                                                                                 

             
 
(7) 

1.3.3.3. 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 in a platinum crucible. 

1.3.3.4. Evaluation of Pour Point Depressant (PPD) properties of the additives in lube 

oil 

The prepared compounds were evaluated as PPDs using two different base oils 

(BO1 and BO2) through the pour point test according to the ASTM D97-09 on a Cloud 

and Pour Point Tester model WIL-471(India). The effect of additive concentration on pour 

point was investigated by using different doping concentrations. An average of three 

experimental data taken under identical condition was recorded.  

1.3.3.5. Evaluation of the prepared additives as Viscosity Modifier (VM) in lube oil 

The prepared polymers were evaluated as VMs in two base oils (BO1 and BO2). 

The viscosity index values of the polymeric oil solutions have been determined by using 

the following equations
9
.  

                                                    VI = 3.63(60 -10
n
)                                                           (8)                                                      

where,                                         n = (ln ν1 - ln k)/ ln ν2                                                                                 (9) 

ν1 and ν2 are the kinematic viscosities (cSt) of the solution at lower and higher 

temperature, respectively. The kinematic viscosity (ν) of the sample solutions was 

determined at 313 K and 373 K, from the following equation
9
.
 
 

                                                    ν = (Kt - L/t) ρ                                                               (10) 
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Where, K and L are the viscometer constants and t and ρ are time flow and density of 

experimental solution, respectively. k is a function of temperature only and is equal to 

2.714 for the temperature range performed. n is a constant characteristic for each oil
9
. 

The densities were measured with a vibrating-tube density meter (Anton paar, 

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

degassed water and dry air at experimental temperature and atmospheric pressure. 

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

viscometer, thoroughly cleaned, dried, and calibrated at the experimental temperatures 

(313 K and 373 K) with triply distilled, degassed water and purified methanol
10,11

.
 
It was 

then filled with experimental liquid and placed vertically in a glass sided thermostat. After 

reaching thermal equilibrium, the time flow of liquids was recorded with a digital 

stopwatch. In all determinations, an average of three measurements was taken into account 

and precautions were taken to minimize losses due to evaporation. Different 

concentrations ranging between 1 wt % to 6 wt % were used to study the effect of 

copolymer concentration on the VI. 

1.3.4. Results and discussions 

1.3.4.1. Spectroscopic analysis 

FT-IR spectrum (Figure 1.33) of poly (decyl acrylate) or homo polymer of decyl 

acrylate (HDA) exhibited absorption at 1732.0 cm
−1

 due to ester carbonyl stretching 

vibration. Peak at 1260.0 and at 1175.0 cm
−1

 can be explained owing to the C–O (ester 

bond) stretching vibration and the absorption bands at 975.0, 750.0 and 711.0 cm
−1

 were 

due to the bending of C–H bonds. The broad peak ranging from 2900.0 to 3100.0 cm
−1

 

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

1
H-NMR spectra 

(Figure 1.34), 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 
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chain. The proton decoupled 
13

C-NMR of the above sample (Figure 1.35) 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. 

IR spectrum of the copolymer of decyl acrylate with 1-decene (Figure 1.36) 

exhibited absorption at 1729.7 cm
−1

 for the stretching vibration of ester carbonyl. Peaks at 

1272.4 cm
−1

 and at 1149.2 cm
−1

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

the absorption peaks at 2995.6, 2950.3, 732.6 and 696.2 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 1.37 and Figure 

1.38), respectively. 

IR spectrum of the poly (isooctyl acrylate) (Figure 1.39) exhibited absorption at 

1731.0 cm
−1

 for the stretching vibration of ester carbonyl. Peaks at 1260.0 cm
−1

 and at 

1164.9 cm
−1

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

peaks at 961.4, 775.0 and 720.0 cm
−1

 were due to the bending vibration of C−H bonds. A 

broad peak ranging from 2929.6 to 2950.0 cm
−1

 indicated the presence of C−H stretching 

vibration. 
1
H and 

13
C-NMR was also in complete agreement with the homopolymer. In its 

1
H-NMR spectra (Figure 1.40), the homopolymer of IOA showed a broad singlet centered 

at 4.01 ppm for the protons of the −OCH2 group; a broad singlet at 0.89 ppm was for the 

methyl groups of isooctyl chain. The proton decoupled 
13

C-NMR of the above sample 

(Figure 1.41) shows no peak between 130 and 150 ppm which indicated the absence of 

any sp
2
 carbon. The presence of the ester carbonyl group was indicated by the peak at 

170.42 ppm. 

IR spectrum of the copolymer of isooctyl acrylate with 1-decene (Figure 1.42) 

exhibited absorption at 1732.0 cm
−1

 for the stretching vibration of ester carbonyl. Peaks at 
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1260.0 cm
−1

 and at 1163.4 cm
−1

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

the absorption peaks at 1028.0 cm
−1

 and 760.9 cm
−1

 were due to the bending vibration of 

C−H bonds. Peaks at 2929.5 cm
−1

 and 2854.5 cm
−1

 indicated the presence of C−H 

stretching vibration. The formation of the copolymer was also indicated by the absence of 

a 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 1.43 and Figure 1.44), 

respectively.  

The value of extent of incorporation of 1-decene in the copolymer composition, as 

determined from FT-IR and NMR method
12

 is tabulated in Table 1.25.  

1.3.4.2. Thermogravimetric analysis 

A graphical presentation (Figure 1.45) presents a comparison between the TGA 

data for homo and copolymers. The TGA data shows that in case of DA polymers, the 

copolymers are better in thermal stability than the homopolymer and with increasing 

concentration of 1-decene in the feed, the stability increases. But the trend is reversed for 

the polymers of IOA. The homopolymer is thermally more stable than the copolymers and 

with increasing concentration of 1-decene, thermal stability decreases. Also, comparison 

among the TGA values indicates that DA polymers are thermally more stable than the 

IOA polymers. 

1.3.4.3. Viscometric analysis 

Viscometric data were obtained using the six equations mentioned. A linear 

relation for the plot of log sp vs. log C[obtained for all samples (Figure 1.46), indicated 

that measurements were performed in Newtonian flow
6,13

 (ηsp, C, [η] represents specific 

viscosity, concentration and intrinsic viscosity of the polymer solutions corresponding to 

the Huggins equation, respectively). 
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Using the graphic extrapolation method, respective intrinsic viscosities and 

constants were evaluated (Table 1.26 and Table 1.27). In single point determinations, 

Schulz-Blaschke (SB), Solomon-Ciuta (SC), and Deb-Chatterjee (DC) equations were 

employed to determine the intrinsic viscosity (Table 1.26). Although dependent on a 

constant, the SB equation is commonly applied in single point determination because the 

constant ksb is found to be very close to 0.28 in most of the polymer-solvent systems
2
. The 

same is used here also. 

Table 1.26 presents intrinsic viscosity values related to all equations for the 

studied samples. Taking into account the data for homopolymers and all copolymer 

samples, it can be noticed that the values are consistent. Comparison among the 

homopolymer and copolymers of DA indicated that, the homopolymer has greater [η] 

values than the copolymers with 1-decene and for the copolymers, the [η] values decrease 

with increasing concentration of 1-decene in the feed. This indicates a more extended 

conformation of the homopolymer chain compared to the copolymers. For the polymers of 

IOA, the [η] values for the homopolymer are lower than the copolymers and comparison 

among the [η] values of the copolymers showed that the [η] values increase with 

increasing concentration of 1-decene in the feed. So, there is a more extended 

conformation of the copolymer chain compared to the homopolymer and in the case of 

copolymers, stretching of the chain is more and more with increasing percentage of 1-

decene in the feed.  

Both homopolymer and copolymer viscosities in toluene medium indicate poor 

solvation (Table 1.27), as is evident from the respective viscometric constant values, and 

thus points to the formation of spherical structures as discussed earlier
5
. This conclusion is 

further supported by the positive values of the Kraemer coefficient for all the systems 

analysed. The maximum deviation for both of the homopolymers may be attributed to the 
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more coiled nature of the homopolymers and comparatively poor solubility of these 

polymers in toluene. However, it is interesting to note that for most of the polymers in 

toluene, the ksb values were close to 0.28. Thus it can be concluded that the relation kh + kk 

≠ 0.5 did not restrict application of the SB equation. The relation kh + kk = 0.5 was not 

found for most of the samples analysed (Table 1.27), but the present findings are similar 

to those reported elsewhere
2
.  

The viscometric molecular weight (M) values for all the polymers were calculated 

by measuring the [η] values following the MHS equation and are tabulated in Table 1.28. 

For the DA polymers, the homopolymer has greater molecular weight value than the 

copolymers and comparison among the copolymers indicate that with increasing 1-decene 

concentration M value decreases, whereas the trend is reversed for the IOA polymers; that 

is, the homopolymer of IOA has lower molecular weight value than the copolymers and 

with increasing concentration of 1-decene content in the copolymer, molecular weight 

increases. Also, the IOA polymers have greater molecular weight values than the DA 

polymers. 

1.3.4.4. Efficiency of the prepared compounds as pour point depressant 

The base oil properties are tabulated in Table 1.29. The efficiency of the prepared 

polymers as pour point depressant was tested by using 0.1 wt % to 3 wt % polymer doped 

base oils and the experimental data are grouped in Table 1.30 (in base oil, BO1) and 

Table 1.31 (in base oil, BO2). A graphical presentation of the PP values of the polymers 

in these base oils is also shown in Figure 1.47.1 and Figure 1.47.2, respectively. The data 

indicate that the prepared compounds may be considered as efficient pour point 

depressants. The results for most of the polymers indicate that their efficiency as PPD goes 

on increasing from 0.1 wt % to 0.5 wt %, beyond that there is a gradual decrease of their 

PPD performance. Thus it can be concluded that the pour point depression efficiency of 
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the investigated polymers, initially increases and then gradually decreases with the 

increasing additive concentration. However, in few cases the trend is found opposite (P1, 

P5 and P6 in Table 1.31). The case where the pour point depression efficiency increases 

by decreasing additive concentration may be explained by considering the solvation power 

of the oil
14

. The reduction in solvation power becomes more obvious when the 

concentration of the polymer increases. Again, increase of PPD efficiency with increase in 

additive concentration may be explained by the hydrodynamic volume of the polymer 

doped in oil
15

. Also, homopolymer of isooctyl acrylate acts as a better PPD than 

homopolymer of decyl acrylate. 

1.3.4.5. Efficiency of the prepared compounds as viscosity modifier 

Table 1.32 and Table 1.33 present the viscosity index values of the prepared homo 

and copolymers in two base oils BO1 and BO2, respectively. A graphical presentation of 

the VI values of the polymers in these base oils is also shown in Figure 1.48.1 and Figure 

1.48.2, respectively. The data obtained clearly shows that the homopolymer of decyl 

acrylate is of having lower VI values than the respective copolymers and with the increase 

of 1-decene content in the feed, the VI is found to decrease. Again, homopolymer of 

isooctyl acrylate is of having higher VI values than the respective copolymers and with the 

increase of 1-decene content in the feed, the VI is found to increase. The data reveal 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 solution, VI is found to increase in all 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 solvent molecule
16

. This increase in volume causes an increase 

in the viscosity of the mixture and offsets the normal reduction in viscosity of the oil with 
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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 reported 

elsewhere
17,18

. Consequently, a high concentration of polymer will impart a high viscosity 

index rather than a low concentration of the same polymer
7
. 

1.3.5. Conclusion   

Decyl acrylate polymers are thermally more stable than the isooctyl acrylate 

polymers. In general the PPD properties of the additives, doped in the base oils, initially 

increase and then gradually decrease with the increasing additive concentration in most of 

the polymer-oil blends. Homopolymer of decyl acrylate showed lower VM properties than 

the DA + 1-decene copolymers but homopolymer of isooctyl acrylate exhibit higher VM 

properties than the corresponding copolymers with 1-decene. Also, isooctyl acrylate 

polymers have higher VI values than the respective decyl acrylate polymers. Again, with 

increasing concentration of the polymer doped in oil, VM properties increase in all the 

cases. So, it can be concluded that the prepared polymers can effectively be used as 

multifunctional lube oil additives.  

1.3.6. References 

References are given in Bibliography under Chapter-III; Section B of Part-I (Page 

No. 192-194). 
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1.3.7. Tables and figures 

Table 1.25. Composition of the monomers in the copolymers in terms of mole fraction 

determined by NMR and FT-IR spectroscopic method
12 

 

Sample 

mole fraction of  1-

decene in the feed 

mole fraction of  1-

decene in copolymer 

by NMR method 

mole fraction of 1-

decene in copolymer 

by FT-IR 

P-1 0.0000 0.0000 0.0000 

P-2 0.0146 0.0138 0.0143 

P-3 0.0421 0.0411 0.0415 

P-4 0.0717 0.0695 0.0702 

P-5 0.0000 0.0000 0.0000 

P-6 0.0130 0.0116 0.0121 

P-7 0.0390 0.0364 0.0372 

P-8 0.0647 0.0613 0.0622 

 

P-1 = homopolymer of decyl acrylate; P-2 to P-4 = copolymer of decyl acrylate + different 

mole fractions of 1-decene; P-5 = homopolymer of isooctyl acrylate; P-6 to P-8 = 

copolymer of isooctyl acrylate + different mole fractions of 1-decene.  

 

Table 1.26. Intrinsic viscosity ([]) values calculated by using different equations 

Sample []h
a
 []k

a
 []m

a
 []sb

a
 []sb

b
 []sc

b
 []dc

b
 

P-1 4.335 5.004 4.180 5.368 6.490 6.697 7.340 

P-2 4.303 4.441 4.482 4.607 4.637 4.599 4.773 

P-3 3.805 3.894 3.924 4.010 4.043 4.007 4.138 

P-4 3.414 3.559 3.547 3.654 3.673 3.640 3.742 
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P-5 6.374 6.501 6.773 7.078 6.634 6.620 6.987 

P-6 7.291 7.310 7.768 8.128 7.382 7.390 7.848 

P-7 7.581 7.679 8.174 8.604 7.816 7.842 8.438 

P-8 7.745 8.132 8.611 9.185 8.301 8.357 8.939 

 

a- extrapolation of graph, b- single point determination (ksb= 0.28). h, k, m, sb, sc, and dc 

refers Huggins, Kraemer, Martin, Schulz-Blaschke, Solomon-Ciuta, and Deb-Chatterjee 

equations, respectively.  

 

Table 1.27. Viscometric constants (k) obtained for all prepared homopolymer and 

copolymer samples 

Sample kh kk km ksb kh+ kk 

P-1 1.572 -0.134 2.079 0.462 1.438 

P-2 0.533 0.095 0.374 0.289 0.628 

P-3 0.505 0.098 0.375 0.298 0.603 

P-4 0.678 0.036 0.484 0.369 0.714 

P-5 0.481 0.107 0.308 0.221 0.588 

P-6 0.429 0.115 0.272 0.194 0.544 

P-7 0.461 0.110 0.279 0.194 0.571 

P-8 0.559 0.101 0.301 0.199 0.660 

 

kh, kk, km, and ksb are Huggins, Kraemer, Martin and Schulz- Blaschke coefficients, 

respectively.  
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Table 1.28. Viscometric molecular weight (M) values calculated by using different 

equations 

Sample Mh
a
 Mk

a
 Mm

a
 Msb

a
 Msb

b
 Msc

b
 Mdc

b
 

P-1 16066 19583 15279 21574 28031 29271 33217 

P-2 15902 16601 16822 17472 17630 17431 18347 

P-3 13421 13856 14003 14428 14592 14414 15067 

P-4 11557 12239 12182 12692 12783 12625 13115 

P-5 27342     28096 29730 31593 28892 28808 31034 

P-6 32911 33030 35918 38208 33479 33529 36429 

P-7 34731 35351 38532 41356 36224 36390 40259 

P-8 35771 38260 41402 45256 39361 39727 43593 

 

Table 1.29. Base oil properties 

Properties Base oils 

BO1 BO2 

Density (g.cm
-3

) at 313 K 0.837 0.868 

viscosity at 313 K in cSt 7.136  23.392  

viscosity at 373 K in cSt 1.856  3.915  

Cloud point, 
0
C -10 -8 

Pour point, 
0
C -3 -6 
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Table 1.30. Dependence of Pour Point (PP) on the concentration of additives in base 

oil (BO1) 

Conc. 

(wt %) 

PP (
0
C) in presence of 

P-1 P-2 P-3 P-4 P-5 P-6 P-7 P-8 

0  -3 -3 -3 -3 -3 -3 -3 -3 

0.1 -6 -8 -9 -12 -15 -12 -13 -14 

0.25  -6 -8 -9 -12 -15 -12 -13 -14 

0.5  -7 -9 -10 -13 -16 -13 -13 -14 

1  -7 -8 -9 -12 -15 -12 -13 -14 

2  -6 -8 -9 -12 -15 -12 -12 -13 

3  -6 -6 -9 -11 -15 -9 -11 -12 

 

Table 1.31. Dependence of Pour Point (PP) on the concentration of additives in base 

oil (BO2) 

Conc. 

(wt %) 

PP (
0
C) in presence of 

P-1 P-2 P-3 P-4 P-5 P-6 P-7 P-8 

0  -6 -6 -6 -6 -6 -6 -6 -6 

0.1 -8 -13 -13 -13 -16 -18 -17 -15 

0.25  -9 -14 -14 -14 -17 -19 -19 -15 

0.5  -8 -15 -14 -15 -17 -19 -18 -16 

1  -8 -15 -14 -14 -16 -19 -18 -15 

2  -9 -14 -13 -13 -17 -19 -17 -15 

3  -10 -13 -12 -12 -18 -20 -16 -14 
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Table 1.32. Dependence of Viscosity Index (VI) on the concentration of additives in 

base oil (BO1) 

Conc. 

(wt %) 

VI in presence of 

P-1 P-2 P-3 P-4 P-5 P-6 P-7 P-8 

0 85 85 85 85 85 85 85 85 

1 90 92 88 86 91 86 89 98 

2 92 95 90 88 103 87 93 102 

3 94 99 93 90 119 89 97 108 

4 95 101 95 94 125 91 103 111 

5 99 105 101 97 130 97 107 114 

6 102 109 103 100 136 103 112 120 

 

Table 1.33. Dependence of Viscosity Index (VI) on the concentration of additives in 

base oil (BO2) 

Conc. 

(wt %) 

VI in presence of 

P-1 P-2 P-3 P-4 P-5 P-6 P-7 P-8 

0 80 80 80 80 80 80 80 80 

1 85 98 97 95 90 87 93 98 

2 88 100 99 98 94 89 98 100 

3 89 103 101 100 97 92 100 102 

4 93 105 102 101 100 95 101 103 

5 95 106 103 102 112 97 104 106 

6 98 108 106 104 124 100 106 111 
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Figure 1.33. FT-IR spectra of poly (decyl acrylate) 

 

 
 

Figure 1.34. 
1
H- NMR spectra of poly (decyl acrylate) 
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Figure 1.35. 
13

C- NMR spectra of poly (decyl acrylate) 

 

 
 

Figure 1.36. FT-IR spectra of a representative copolymer of decyl acrylate with 1-

decene 
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Figure 1.37. 
1
H- NMR spectra of a representative copolymer of decyl acrylate with 1-

decene 

 

 
 

Figure 1.38. 
13

C- NMR spectra of a representative copolymer of decyl acrylate with 

1-decene 
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Figure 1.39. FT-IR spectra of poly (isooctyl acrylate) 

 

 

Figure 1.40. 
1
H-NMR spectra of poly (isooctyl acrylate) 
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Figure 1.41. 
13

C-NMR spectra of poly (isooctyl acrylate) 
 

 

 
 

Figure 1.42. FT-IR spectra of a representative copolymer of isooctyl acrylate with 1-

decene 
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Figure 1.43. 
1
H-NMR spectra of a representative copolymer of isooctyl acrylate with 

1-decene 

 

 
 

Figure 1.44. 
13

C-NMR spectra of a representative copolymer of isooctyl acrylate with 

1-decene 
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Figure 1.45. Plot of PWL vs. Temperature. PWL is percent weight loss and 

temperature is measured in Kelvin 

 

 
 

Figure 1.46. Plot of log sp vs. log C[], where sp is the specific viscosity of the 

polymer solution in toluene, C is the concentration of the solution in g.cm
-3

, and [] is 

the intrinsic viscosity of the polymer solution in toluene obtained by using Huggins 

equation 
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Figure 1.47.1. Plot of pour point vs. additive concentration in BO1  

 

 

 
 

Figure 1.47.2. Plot of pour point vs. additive concentration in BO2 
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Figure 1.48.1. Plot of viscosity index vs. additive concentration in BO1  

 

 
 

Figure 1.48.2. Plot of viscosity index vs. additive concentration in BO2  
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Petroleum is vital to many industries and is of utmost importance to the 

maintenance of industrialized civilization. The largest volume products of the petroleum 

industry are fuel oil and gasoline. Petroleum is also the raw material for many chemical 

products including fertilizers, pharmaceuticals, solvents, pesticides, and plastics. In ages of 

depleting finite resources of petroleum crude oil, there remains increasing risk of 

exhaustion of the existing reserves and oil prices
1 

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. The petroleum oil based lubricants are usually environmentally 

unacceptable due to their low biodegradability and toxicity
2,3

. Therefore, strict 

specifications in certain specific areas are required on various environmental issues such 

as biodegradability, toxicity, health, and safety
4 

which leads to an increased investigation 

based on greener technology. The utilization of natural and renewable raw materials, can 

(in some cases) meet the principles of green chemistry, such as a built-in design for 

degradation or an expected lower toxicity of the resulting products
5
. Thus they can 

significantly contribute to a sustainable development wherever and whenever possible. 

Some of the most widely used renewable raw materials in the chemical industry for 

nonfuel applications are plant oils, polysaccharides (mainly cellulose and starch), sugars, 

wood, and others.  

Because of increasing prices of crude oil, depletion of crude oil reserves, and 

increasing global concern for a pollution-free environment, the lubricant industries have 

been trying to formulate lubricants from alternative bio sources with quality superior to 

those based on petroleum oil
2,3,6

.
 
A bio lubricant is a renewable lubricant that is 

biodegradable, nontoxic and has net zero greenhouse gases. Vegetable oils, the most 

important renewable raw material for the chemical industry
7 
are widely used as a potential 

source of ecofriendly or environmentally favorable lubricants
8-13

. These are preferred as 

https://en.wikipedia.org/wiki/Civilization
https://en.wikipedia.org/wiki/Fuel_oil
https://en.wikipedia.org/wiki/Petrochemical
https://en.wikipedia.org/wiki/Petrochemical
https://en.wikipedia.org/wiki/Petrochemical
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lubricant because they are biodegradable and non-toxic also
14-17

. They are primarily 

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
12,18,19

. The vegetable oils have been 

recognized as having many promising natural properties including biodegradability
20

, 

renewability, and nontoxicity with excellent tribological properties
21,22

. They have also 

many advantages such as low evaporative loss due to high molecular weight 

triacylglycerol molecule, good boundary lubrication characteristics due to the polar ester 

group, high viscosity index, and high solubilizing power for polar contaminants
4,6,9,11,23-31

. 

There are some examples where vegetable-based oils have been used as lubricating oils as 

an alternative to petroleum-based base oils
12,32,33

. 

 

Figure 2(a). General structure of triglyceride structure present in vegetable oil 

 

But the vegetable oils also contain some poor qualities such as low oxidative and 

hydrolytic stability, high temperature sensitivity in tribological behavior, poor cold flow 

properties, higher cost, and gumming effect
34-36 

etc. Among them, the two major problems 

are low resistance to thermal and oxidative stability
11,37-45 

and poor cold flow 

properties
39,40,44,46-49

. Low oxidation and thermal stability along with poor low-temperature 

properties, however, limit their potential application as industrial lubricants
50

. 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
9,38,49,51,52

. The 

greater the level of unsaturation, the more susceptible the oil becomes to oxidation
28,29

. 
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Oxidative degradation results an increased viscosity that limits the useful life span of 

vegetable oil base fluids
41

. Cloudiness and solidification become apparent in vegetable oil 

at low temperatures upon prolonged exposure to low temperature
53,54

. 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 dominating in the market. Chemically or genetically modified 

vegetable oils
49,55 

are now used to formulate ecofriendly lubricants. But their application 

as a base fluid is still not widespread due to economical reasons and their insufficiency to 

meet bulk demands.
  

Although acrylate based additives of many diverse types have been developed to 

meet the needs of modern lubricants
56

, they are extremely harmful for the environment. 

The vegetable oils can be used as additives
57-59

 in the formulation of biolubricants, and 

their application as environmentally benign multifunctional additives not only increases 

the lifetime of engines but also increases its field application. Although the biolubricating 

oil may act as an effective alternative to conventional lubricants, they are associated with 

certain advantages
8-11,13,60-62

 and disadvantages
11,37-42,44,46-48

.
 
These disadvantages need to 

be addressed before commercializing the production of biolubricants. Transformation of 

alkene groups of vegetable oil to other stable functional groups can improve the oxidative 

stability
9,63,64

, whereas reducing structural uniformity of the oil by attaching alkyl side 

chains would improve low temperature performance of the plant oil
65

.  

Several modern technologies have been adopted to solve the issues regarding the 

application of plant oils in lubricants. These include genetic modification, additive 

treatment, and chemical modification
24

. So, if the thermal stability and fluidity at low 

temperature of the oil can be effectively increased by chemical modification
66

, then their 

use as an additive into the lube oil will not only add or improve performance but will also 
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maintain its cost effectiveness. However, low resistance to thermal oxidative and low 

thermal stability still remains a major drawback of using plant oil in lubricants
9
. Owing to 

the desirable characteristics of being clean, biodegradable, nontoxic, the first applications 

for vegetable oils can be for chain saws, railroads, etc., and also for hydraulic fluids in 

power equipment, two-stroke engines, boat engines, etc.  

There exist some references on the use of modified vegetable or plant oils as base 

oil or lube oil additive.  

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
48

.
 

Later, 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
67

.
 
Hwang et al.

51 
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-1-propanol, and 1-decanol) in 

presence of sulfuric acid. The modification of ESBO improved the oxidative stability and 

pour point property.
 
Durak and Karaosmanoglu showed that cottonseed oil could be used 

as an additive of friction modifier very well
68

.
 
Lathi and Mattiasson reported a novel 

process for the production of biodegradable lubricant base stocks from epoxidized 

vegetable oil with a lower pour point
69

.
 
Govindapillai et al. worked on the crystallisation 

behaviour of coconut oil and the effect of additive addition and the chemical modification 

on its pour point, analysed using differential scanning calorimetry. They showed that 

chemical modification procedures have been effective in improving the pour point of 

coconut oil to some extent
70

. 

Bekal and Bhat in 2012 had carried out investigation with neat pongamia oil, neat 

pongamia ester and their blend with diesel as bio-fuel, and neat pongamia oil and its 
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blends with mineral oil as a bio-lubricant and indicated the use of pongamia oil as an 

effective lubricant
71

.
 
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
72

.
 
Panchal et al. worked on tobacco oil 

methyl esters which were successfully transesterified using various alcohols and can be 

used as base stock to formulate lubricating grease having superior performance 

properties
73

.
 
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
74

.
 
Amdebrhan et al. carried 

out an experiment in which a base catalyzed transesterification method was successfully 

used in the synthesis of base oil from castor seed oil. The methyl Easter of castor seed oil 

could be used as alternative base oil for bio lubricant
75

.
  

Mendoza et al.
76 

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. 

Franco and his group
77

 has reported the use of sunflower oil bio fuels, polymeric 

additives e.g. ethylene vinyl acetate (EVA) and styrene butadiene styrene (SBS) 

copolymer in lubricant formulation.
 
Erhan et al.

11 
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 diethanolamide borates as additives on 

biodegradability and lubricity of an unreadily biodegradable mineral lubricating oil were 

studied by Boshui et al.
78 

which showed tribological activity. 
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Ghosh et al.
79

 prepared some copolymers of sunflower oil with different mass 

fraction of methyl methcrylate, decyl acrylate and styrene and evaluated their property as 

PPD in base oils. Later, the author reported biodegradable homopolymers of sunflower oil 

and soybean oil and evaluated their performance as Pour Point Depressant (PPD) and 

Viscosity Index Improver (VII) for lube oils
80

. In another work
81

, the author carried out 

synthesis of homopolymer of sunflower oil by two different ways - microwave irradiation 

method and thermal method using benzoyl peroxide as initiator. Performance evaluation 

of the polymers as PPD, Viscosity Modifier (VM) and antiwear additives in two different 

base oils was carried out. The author extended their research for some biodegradable 

Soybean oil polymers
82

. The work comprises the synthesis of its copolymers with methyl 

acrylate, 1-decene and styrene. Performance evaluations of the polymers as PPD, VM and 

antiwear in different base oils (mineral) were conducted. In a very recent 

communication
83

, the author has reported the PPD and VM properties of biodegradable 

isodecyl acrylate-olive oil copolymers. 

Some patents are also there regarding vegetable oil or plant oil used as base oil or 

lube oil 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. 4873008 has explained the synthesis 

and use of improved lubricant base composition comprising ingredients selected from 

jojoba oil, sulfurized jojoba oil, and a phosphite adduct of jojoba oil. 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. 6534454 B1 describes about biodegradable vegetable oil composition for 

lubricants.   
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U. S. Patent No. 5282989 discloses the use of lubricant additive comprising at least 

two groups of ingredients. The first group consists a vegetable oil, a wax ester of vegetable 

oil and combinations, the second group is a sulfurized mixture of vegetable oil and a wax 

ester of that and the third group is a phosphite adduct of vegetable oil, a phosphite adduct 

of wax ester and combinations. U. S. Patent No. 5023312 A discloses Meadowfoam oil 

and meadowfoam oil derivatives as lubricant additives. U. S. Patent No. 4925581 contains 

the same disclosure. U. S. Patent No. 5703022 A describes sulfurized vegetable oils 

containing antioxidants for use as base fluids.  U. S. Patent No. 5888947 A describes 

vegetable oil lubricants principally derived from castor or lesquerella and the vegetable 

wax from jojoba or meadowfoam oil for internal combustion engines. U. S. Patent No. 

4970010 A also claims the use of vegetable oil and vegetable oil derivatives as lubricant 

additives. U. S. Patent No. 5888947 A discloses biodegradable vegetable oil based 

lubricant for use in 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. 

There are also some scattered reports on terpene polymers of green sources used as 

lube oil additives. U. S. Patent No. 2993856 A discloses a lubricant composition 

containing a sulfurized terpene and sulfurized sperm oil suitable for the lubrication of 

internal combustion engines. U. S. Patent No. 2976239 A also claims a lubricant 

composition containing noncorrosive sulfurized terpenes. U. S. Patent No. 3299170 A 

describes about a mixture of a copolymer of 1 to 1.1 moles of α-pinene and 1.1 to 1 moles 

of a member of the group consisting of cyclopentadiene and dicyclopentadiene with a 
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member of the group consisting of a copolymer of an isoolefin and a multi-olefin and 

copolymer of a conjugated open chain diolefin with a member of the group consisting of 

styrene, ring-substituted methyl styrene and alpha methyl styrene. U. S. Patent No. 

3466271 A and 3313865 A also contains reports of α-pinene polymerization.  

The scanty reports of terpene based lube oil additives as mentioned above 

encouraged the author to undertake a work with α-pinene copolymers in anticipation that 

they may add biodegradability into the synthesized polymers. As reported, 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 author has polymerised α-pinene 

with alkyl acrylates and sunflower oil with alkyl acrylate and also with 1-decene (α-

olefin), in order to utilize 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-II (Page No. 194-

203). 
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2.1.1. Introduction 

 Base fluid mineral oils generally cannot satisfy the requirements of high 

performance lubricants without using the benefit of modern additive technology. Again, 

the increasing environmental awareness has increased the investigation about new 

environmental lubricant and additive chemistry. Keeping this view in mind people has 

already started working in this direction to meet the above needs
1,2

. For the development 

of eco-friend polymeric additives for lube oil, α-pinene has been chosen as a potential 

candidate to incorporate biodegradability in its acrylate backbone. Thus the present 

investigation comprises the synthesis, characterization, and evaluation of α-pinene 

copolymers as a potential biodegradable additive for lubricating oil. The study includes 

synthesis of copolymers using different mole fractions of α-pinene with dodecyl acrylate 

(DDA) and isodecyl acrylate (IDA), their characterization, performance evaluation, and 

evaluation of the biodegradable nature of the polymers. The homopolymers of DDA and 

IDA prepared in the previous work (Chapter-II of Part-I, Page No. 28) are taken as a 

reference sample for a comparison of their performance with respect to the prepared 

copolymers. Physical characterization of the polymers was carried out employing FT-IR, 

NMR techniques, and Thermogravimetric Analysis (TGA). Performance of the polymer 

additives was tested in respect of their Pour Point Depressant
3 

(PPD) and Viscosity 

Modifier
4,5

 (VM) properties. A comparison of all the properties and performances of the 

prepared copolymers with the respective homopolymers has been presented in this study. 

Since viscosity is a very important property of a lubricant
6-8

 and viscometric 

studies in dilute solution may give valuable information about the structure and 

morphology of the polymer chain in desired solvent, the present investigation also 

includes viscometric study of the copolymers as well as the homopolymers. In this work, 

intrinsic viscosity of toluene solution for samples of poly (alkyl acrylate) and copolymers 
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of alkyl acrylates consisting of different mole fraction of α-pinene was obtained by 

graphic extrapolation and single point determination method. The viscosity average 

molecular weight, determined by using different equations, has been calculated and 

compared for different polymers.  

2.1.2. Experimental procedure 

2.1.2.1. Materials 

Toluene, Hydroquinone, and H2SO4 were purchased from Merck Specialities Pvt. 

Ltd. Acrylic Acid (stabilised with 0.02 % Hydroquinone mono methylether) and 

Isodecanol were obtained from Sisco Research Laboratories Pvt. Ltd. 1-Dodecanol and 

Hexane were purchased from S D Fine Chem. Ltd. α-pinene was obtained from Across 

Organics, Methanol was purchased from Thomas Baker (Chemicals) Pvt. Ltd. Benzoyl 

Peroxide, obtained from LOBA chemicals, was recrystallised from CHCl3-MeOH before 

use. Rest of the materials was used as they were obtained without further purification. 

Base oils were collected from IOCL, Dhakuria, West Bengal, India and the fungal 

specimens were collected from Department of Microbiology, University of North Bengal, 

West Bengal, India. 

2.1.2.2. Esterification 

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 % hydroquinone with respect to the 

reactants as polymerization inhibitor 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 
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liberated water to give the ester, isodecyl acrylate. Under the same procedure dodecyl 

acrylate (DDA) was also prepared from acrylic acid and dodecyl alcohol. 

 

Scheme 2.1: Preparation of isodecyl acrylate (IDA) and dodecyl acrylate (DDA) 

 

2.1.2.3. Purification of prepared esters  

The prepared esters were purified according to the following procedure: a suitable 

amount of charcoal was added to the ester. It was 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. 

2.1.2.4. Preparation of copolymers 

In the preparation of DDA + α-pinene and IDA + α-pinene copolymers, different 

concentration (mole fraction) of α-pinene was used (Table 2.1). The thermal 

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 α-pinene drop wise. In the flask, desired mass of IDA and 

initiator benzoyl peroxide (BZP) was placed followed by drop wise addition of desired 

mass of α-pinene for 2 h in the presence of toluene as solvent. The reaction temperature 
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was maintained at 353 K 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 followed by drying under vacuum at 313 K. 

Copolymers of DDA with different mole fraction of α-pinene were similarly 

prepared and purified under the same condition for use in reference experiments. 

 

Scheme 2.2: Preparation of copolymer of dodecyl acrylate and isodecyl acrylate with 

α-pinene 

 

2.1.3. Measurements 

2.1.3.1. Spectroscopic measurements 

IR spectra were recorded on a Shimudzu FT-IR 8300 spectrometer as well as in 

Perkin Elmer FT-IR 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. 

2.1.3.2. Viscometric measurements 

The viscometric molecular weight of the polymers in solution can be determined 

by using Mark Houwink Sukurda (MHS) equation (eqn. 1), measuring the intrinsic 
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viscosity of the polymer solution in toluene. According to that equation, the value of 

intrinsic viscosity ( changes with the molecular weight of the polymer in a solvent as: 

                                                              []= KM
a                                                                            (1) 

Where, M is the viscosity average molecular weight and K and a are the Mark Houwink 

constants. The values of K and a are specific for every polymer-solvent combination. So, 

to get an accurate measure of molecular weight, these constant values are to be known for 

appropriate polymer-solvent combination. For a new polymer, it is not possible to get the 

accurate molecular weight, but an idea of whether the molecular weight value is low or 

high can be drawn by using these values of similar types of polymers. 

The most commonly used equations for the study of viscometric properties of a 

dilute polymer solution at a particular temperature by graphic extrapolation
9-13 

are (eqns. 2 

to 5):  

Huggins   (H)                                ηsp/C = [η]h + kh [η]h
2
                                                             (2)     

Kraemer   (K)                                ln ηr/C = [η]k – kk [η]k
2
 C                                                   (3)                                           

Martin      (M)                               ln ηsp/C = ln [η]m + km [η]m C                                     (4) 

Schulz-Blaschke   (SB)               ηsp/C = [η]sb + ksb [η]sb ηsp                                                             (5) 

Where, C = concentration of the solution in g.cm
–3 

              r t/to = time of flow of the solution /time of flow of pure solvent 

                         = relative viscosity or viscosity ratio  

              sp = r –1,   specific viscosity                                                            

h intrinsic viscosity, respective to Huggins equation     

              k = intrinsic viscosity, respective to Kraemer equation      

              m= intrinsic viscosity, respective to Martin equation    

sbintrinsic viscosity, respective to Schulz-Blaschke equation 
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 kh, kk, km, and ksb are Huggins, Kraemer, Martin, and Schulz-Blaschke coefficients, 

respectively. 

Some relations have also been proposed for determining the intrinsic viscosity in 

dilute polymer solution from single point determination method. This method has the 

advantage of being considerably faster and is better than the graphic extrapolation method 

when a large number of samples must be analysed in short period of time, practically in 

industrial laboratories. Most useful of these
10-12 

are (eqns. 6 and 7): 

Solomon-Ciuta (SC)                    [η] = (2(ηsp – ln ηr))
1/2

/C                                                     (6) 

Deb-Chatterjee (DC)                     [η] = (3 ln ηr + 3/2 ηsp
2
 – 3 ηsp)

1/3
/C                                 (7)                                                        

The use of these equations has been derived under the supposition of the validity of 

the relationship kh+ kk = 0.5
10

. The unit of intrinsic viscosity and concentration are dL.g
–1

 

and g.cm
–3

, respectively. 

Viscometric properties of the polymeric samplrs were determined at 313 K in 

toluene solution, using an Ubbelohde OB viscometer. Experimental determination was 

carried out by counting time flow of eight different concentrations of the sample solution. 

The time flow of the solution was manually determined by using a chronometer. In the 

single point measurement, the lowest value of solution concentration was chosen for 

calculation. For the viscosity average molecular weight determination, the constants K = 

0.00387 dL.g
–1

 and a = 0.725
14,15

 were employed in Mark Houwink Sukurda relation. 

2.1.3.3. Thermogravimetric analysis (TGA) 

The thermo grams in air were obtained on a mettler TA – 3000 system, at a heating 

rate of 10 K.min
–1

. 

2.1.3.4. Evaluation of prepared polymer as Pour Point Depressant (PPD) in base oils 

The prepared additives were evaluated as PPD using base oils (BO1 and BO2) 

through the pour point test according to the ASTM D97-09 method using Cloud and Pour 
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Point Tester model WIL-471(India). The effect of additive concentration on pour point 

was investigated by using different doping concentrations. The experimental data were 

noted by taking an average of three experimental results under identical conditions.  

2.1.3.5. Evaluation of Viscosity Modifier (VM) properties 

The prepared copolymers were evaluated as VM in two base oils (BO1 and BO2). 

The kinematic viscosity (ν) of the sample solutions, which is useful to calculate Viscosity 

Index (VI), was determined at 313 K and 373 K, from the following equation
16

.
 
 

                                                ν = (Kt - L/t) ρ                                                                     (8) 

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

experimental solution, respectively. 

The densities were measured with a vibrating-tube density meter (Anton paar, 

DMA 4500M). Before measurements, the 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
16

. 

                                                     VI = 3.63 (60 - 10
n
)                                                       (9) 

Where n is given by, 

                                                     n = (ln ν1 - ln k)/ln ν2                                                       (10) 

ν1 is the kinematic viscosity at lower temperature, ν2 is the kinematic viscosity at higher 

temperature, k is a function of temperature only and n is a constant characteristic for each 

oil
16

. 

Viscometric properties of the prepared samples were determined using an 

Ubbelohde OB viscometer, thoroughly cleaned, dried, and calibrated at the experimental 

temperatures (313 K and 373 K) with triply distilled, degassed water, and purified 

methanol
17,18

.
 
It was then filled with experimental liquid and placed vertically in a glass 

sided thermostat. After reaching thermal equilibrium, the time flow of liquids was 
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recorded with a digital stopwatch. Different concentrations from 1 wt % to 6 wt % were 

used to study the effect of concentration on VI of the additive doped lube oil. All the 

experimental data as mentioned above were noted by taking an average of three 

experimental results under identical conditions. 

2.1.3.6. Biodegradability test 

Biodegradability of the polymers was tested by i) disc diffusion method against 

fungal pathogens and ii) soil burial degradation test of the polymer films as per ISO 

846:1997 and by measuring the shift of IR frequency of the ester carbonyl after the 

biodegradability test. 

2.1.3.6.1. Disc diffusion method  

The biodegradability of the prepared polymer samples (the copolymers and 

homopolymers) was tested against five different fungal pathogens namely Calletotricheme 

camellia (CC), Fussarium equisitae (FE), Alterneria alternata (AA), Colletrichum 

gleosproides (CG) and Curvularia eragrostidies (CE). All glass apparatus, culture media 

were autoclaved before use. Culture media for fungal strains was prepared by mixing 

suitable proportions of potato extract, dextrose, and agar powder. The fungal growth was 

confirmed by a change of yellow to blackish. All experiments were performed in Petri 

dishes and were incubated at 310 K for 30 days after addition of definite weight (1.50 g) 

of polymer samples. The whole process was carried out in incubation chamber. After 30 

days polymer samples were recovered from the fungal media and washed with 

Chloroform, purified, and dried in an open vessel. The dried samples were weighed
19,20

 

followed by IR analysis. 

2.1.3.6.2. Soil burial degradation test 

The soil burial degradation test of the polymer films was conducted as per ISO 

846:1997
21

. The films of polymer samples were buried in soil. The soil used in this study 
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had been taken from University of North Bengal (West Bengal, India) campus. The soil 

was taken in a tray, in which the relative humidity was adjusted to 50 % to 60 % and 

temperature was thermostated at 303 K with the help of a humidity chamber. The buried 

films were removed at regular intervals of 15 days up to a span of 3 months. Recovered 

films were washed with chloroform, purified, and dried. The dried samples were weighed 

followed by IR analysis. 

2.1.4. Results and discussions 

2.1.4.1. Spectroscopic analysis 

FT-IR spectra (Figure 2.1) of the homopolymer of dodecyl acrylate (HDDA) 

exhibited absorption at 1732.0 cm
–1

 due to ester carbonyl stretching vibration along with 

other peaks at 1456.2, 1260.0, 1164.9, 1112.9 cm
−1

 (CO stretching vibration), and 1028.0, 

711.7 cm
–1

 (bending vibration of C–H bonds). 
1
H-NMR spectra (Figure 2.2) of the 

homopolymer indicated the existence of –OCH2 group at 4.02 ppm (broad singlet) along 

with the methyl protons ranging between 0.86 and 0.90 ppm together with methylene 

protons ranging between 1.26 and 1.60 ppm. The proton decoupled 
13

C-NMR of the 

sample (Figure 2.3) was in complete agreement with the homopolymer in which the 

carbonyl carbon appears at 174.66 ppm along with other carbons and probable structure of 

poly (dodecyl acrylate) is given below: 

H2C
H
C

C O

OC12H25

n

 

The formation of the copolymer was confirmed by FT-IR, 
1
H-NMR, and 

13
C-NMR 

analysis. In its FT-IR spectra (Figure 2.4), the copolymer showed a peak at 1732.0 cm
–1

 

for ester carbonyl stretching vibration along with other peaks at 2927.9, 721.9 cm
−1

 

(stretching and bending vibration of C–H bonds), and 1466.6 cm
−1

, and a band at 1167.8 
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cm
−1 

(CO stretching vibration). Absence of peak between 4 to 6 ppm in the 
1
H-NMR and 

that between 130 to 150 ppm in the 
13

C-NMR spectrum indicated the formation of 

copolymer of DDA with α-pinene (Figure 2.5 and Figure 2.6, respectively). 

FT-IR spectra (Figure 2.7) of poly (isodecyl acrylate) or homopolymer of isodecyl 

acrylate (HIDA) exhibited absorption band at 1732.0 cm
–1

 for the ester carbonyl stretching 

vibration along with other peaks at 1456.2, 1379.0, 1260.0, and 1166.9 cm
–1

 (CO 

stretching vibration), and at 750.0 and 710.0 cm
–1

 (bending of C–H bonds). In its 
1
H-NMR 

spectra (Figure 2.8), HIDA showed a broad singlet centered at 4.02 ppm due to the proton 

of –OCH2 group, another broad singlet centered at 0.86 ppm was due to methyls of 

isodecyl chain. In the proton decoupled 
13

C-NMR of the homopolymer (Figure 2.9), the 

carbonyl carbon appears at 174.47 ppm along with other carbons. Absence of peak in the 

range 130-150 ppm indicates absence of any sp
2 

carbon in the homopolymer. The proton 

decoupled 
13

C-NMR of the above sample was in complete agreement with poly (isodecyl 

acrylate) and probable structure is given below: 

H2C
H
C

C O

O(CH2)7CH(CH3)2

n

 

The formation of the copolymer was confirmed by FT-IR, 
1
H-NMR, and 

13
C-NMR 

analysis. In its FT-IR spectra (Figure 2.10), the copolymer showed a peak at 1731.6 cm
–1

 

for ester carbonyl stretching vibration along with other peaks at 2960.7 cm
–1

 (stretching 

vibration of C–H bonds) and 1463.3 cm
–1

, and a band at 1174.3 cm
–1

 (CO stretching 

vibration). Formation of the copolymer was also indicated by the absence of sp
2
 hydrogen 

and sp
2
 carbon in its 

1
H and 

13
C-NMR (Figure 2.11 and Figure 2.12), respectively. 

The value of extent of incorporation of 1-decene in the copolymer composition, as 

determined from the FT-IR and NMR method
22

 is tabulated in Table 2.1. 
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2.1.4.2. Thermogravimetric Analysis (TGA) 

Figure 2.13 presents a comparison between the TGA data for homopolymers and 

copolymers. The TGA data shows that the copolymers are better in thermal stability than 

the homopolymers. Also with decreasing α-pinene concentration in the feed, thermal 

stability increases. Comparison among the copolymers indicates that the copolymers of 

dodecyl acrylate are more stable than the copolymers made from isodecyl acrylate.  

2.1.4.3. Viscometric analysis 

Table 2.2 presents intrinsic viscosity i.e. [η] values related to all equations for the 

samples analysed. Taking into account the data for homo and all copolymer samples, it 

can be noticed that, except one or two cases values are consistent. Comparison among the 

copolymers indicates that there is a gradual decrease of [η] values with the increase of α-

pinene content in the monomer composition in both cases. Intrinsic viscosity values are 

lower for homopolymer (P-1 and P-6) compared to copolymeric sample. Although 

different intrinsic viscosity values may be found by graphic extrapolation method 

(Huggins, Kraemer, Martin and SB equation), in this work the data obtained from these 

four equations shows a tendency to be close for both homo and copolymers. Irrespective 

of the nature of the polymer, the [η] values obtained by single point determination method 

is higher than the values obtained by graphic extrapolation method.   

Table 2.3 presents the viscometric constant values obtained for all equations using 

graphic extrapolation method. Although, kk values are not negative and ksb ≠ 0.28 (for 

most of the cases), the values of kh + kk are nearly equal to 0.5 and values of kh are less 

than 0.5 for the polymers of IDA, which indicates better solvation
10

 of these polymers 

compared to those of DDA.  

Viscometric molecular weight (M) obtained by using Mark Houwink equation, is 

presented in Table 2.4. As is expected, the homopolymer showed lower viscometric   
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molecular weight (M) compared to the copolymers. There is also a gradual decrease of M 

with the increase in α-pinene concentration in case of the copolymers and the values are in 

line with the intrinsic viscosity values of the polymers.  

A linear relation for the plot of log sp against log C[obtained for all samples 

(Figure 2.14), indicates that measurements were performed in Newtonian flow
9,12

. 

2.1.4.4. Performance of the homopolymers and copolymers as PPD 

Physical properties of the base oils are tabulated in Table 2.5. Pour point of the 

different concentrations of additive doped lube oils (BO1 and BO2) were tested and 

tabulated in Table 2.6 and Table 2.7, respectively. A graphical presentation of the PP 

values of the polymers in these base oils is also shown in Figure 2.15.1 and Figure 2.15.2, 

respectively. The values indicate that the prepared copolymers of DDA with α-pinene 

samples are more efficient as PPD than the copolymers of IDA with α-pinene and the 

efficiency increases with the decrease in concentration of the additive in base oil. This 

may be explained on the basis that, when the molecular weight of the additive and its 

concentration increases, solvation power decreases and so as PPD
23

. 

2.1.4.5. Performance of the homopolymers and copolymers as VM 

 It is clear from the VI data in these base oils (BO1 and BO2), tabulated in Table 

2.8 and Table 2.9, respectively (and also from Figure 2.16.1 and Figure 2.16.2 in these 

base oils, respectively) as evaluated in present investigation that irrespective of the 

polymer (homopolymer and copolymer) and nature of the base oil, VI values increase with 

the increase in additive concentration in the base oils studied. A critical observation of the 

VI values indicates that better performance is obtained for the copolymers of DDA with α-

pinene than copolymers of IDA with α-pinene. It is also noticed that all copolymers show 

better VM property than the homopolymers (P-1 and P-6).   



133 
 

As the temperature is raised, the lube oil viscosity decreases; meanwhile the 

polymer molecule expands from its coil nature due to the increase in the solvation power. 

This increase in coil size counterbalances the reduction of the viscosity of the lube oil with 

temperature and hence, decreases the changes of viscosity of the mixture. The increase in 

concentration of the polymer leads to an increase in the total volume of polymer coils in 

the oil solution and thus exerting greater thickening effect and so as to VI
4
. 

2.1.4.6. Analysis of biodegradability test result 

Table 2.10 and Table 2.11 presents biodegradability test results obtained by using 

disk diffusion method and soil burial test method, respectively. Copolymer of α-pinene 

with isodecyl acrylate showed significant biodegradability against the fungal pathogen, 

Alterneria alernata. Result of soil burial degradation test also indicated the similar extent 

of biodegradability. It was further confirmed by the shift of IR frequency of the ester 

carbonyl after the test is over (Figure 2.17.1 and Figure 2.17.2). Copolymer of α-pinene 

with dodecyl acrylate also shows biodegradability but to a smaller extent.  

2.1.5. Conclusion  

A consideration of the chemical structures of DDA and IDA may be taken into 

consideration to explain the differences of performance between the homopolymers and 

copolymers of DDA and IDA. The thermal stability of the copolymers is always greater 

than the corresponding homopolymers, and the copolymers of dodecyl acrylate with α-

pinene are thermally more stable than that of the isodecyl acrylate. Both the intrinsic 

viscosity and viscometric molecular weight of the copolymers decrease with increase in α-

pinene concentration in the feed of the copolymers. The pour point of the samples is found 

better for the copolymers of dodecyl acrylate with α-pinene than the copolymers of 

isodecyl acrylate with α-pinene and the values decrease with increasing concentration of 

the polymer doped base oil. The VI values are in accordance with the molecular weight of 



134 
 

the polymer samples. The greater the molecular weight, greater is the VI of the polymer 

samples. With increasing concentration of the additive doped oil solution, VI is found to 

increase. The Copolymer of isodecyl acrylate with α-pinene showed significant 

biodegradability against the fungal pathogen, Alterneria alernata. The copolymer of 

dodecyl acrylate with α-pinene also shows biodegradability but to a smaller extent.  

2.1.6. References  

References are given in Bibliography under Chapter-II of Part-II (Page No. 203-

205). 
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2.1.7. Tables and figures 

Table 2.1. Composition of the monomers in the copolymers in terms of mole fraction 

determined by NMR and FT-IR spectroscopic method
22 

 

Sample 

mole fraction of  α-

pinene in the feed 

mole fraction of  α-

pinene in copolymer 

by NMR method 

mole fraction of α-

pinene in copolymer 

by FT-IR 

P-1 0.0000 0.0000 0.0000 

P-2 0.0433 0.0176 0.0261 

P-3 0.0851 0.0518 0.0382 

P-4 0.1251 0.0601 0.0635 

P-5 0.1639 0.0685 0.0851 

P-6 0.0000 0.0000 0.0000 

P-7 0.0385 0.0156 0.0231 

P-8 0.0759 0.0610 0.0323 

P-9 0.1121 0.0579  0.0565 

P-10 0.1476 0.0624  0.0743 

 

P-1 = homopolymer of dodecyl acrylate; P-2 to P-5 = copolymer of dodecyl acrylate with 

different mole fractions of α-pinene; P-6 = homopolymer of isodecyl acrylate; P-7 to P-10 

= copolymer of isodecyl acrylate with different mole fractions of α-pinene.  

 

Table 2.2. Intrinsic viscosity values for all prepared polymer samples calculated by using 

different equations 

Sample h
a [k

a []m
a ]sb

a ]sb
b ]sc

b dc
b 

P-1 4.059 4.361 4.336 4.512 4.637 4.599 4.773 
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P-2 5.742 6.103 6.221 6.570 6.294 6.267 6.591 

P-3 4.923 5.292 5.317 5.601 5.535 5.502 5.751 

P-4 4.459 4.716 4.730 4.922 4.976 4.939 5.141 

P-5 4.338 4.562 4.572 4.762 4.711 4.673 4.856 

P-6 3.774 3.845 3.881 3.945 4.020 3.983 4.119 

P-7 6.057 6.116 6.353 6.565 6.297 6.274 6.606 

P-8 5.680 5.596 5.842 5.977 5.629 5.594 5.847 

P-9 5.492 5.393 5.629 5.747 5.407 5.373 5.611 

P-10 5.117 5.017 5.223 5.314 4.997 4.961 5.165 

  

a- extrapolation of graph, b- single point determination (ksb= 0.28). h, k, m, sb, sc, and dc 

refers Huggins, Kraemer, Martin, Schulz-Blaschke, Solomon-Ciuta, and Deb-Chatterjee, 

respectively. 

 

Table 2.3. Viscometric constants (k) obtained for all prepared polymer samples 

Sample kh kk km ksb kh +kk 

P-1 0.760 0.044 0.478 0.347 0.804 

P-2 0.640 0.082 0.379 0.260 0.722 

P-3 0.727 0.059 0.437 0.302 0.786 

P-4 0.652 0.071 0.422 0.307 0.723 

P-5 0.655 0.062 0.435 0.316 0.717 

P-6 0.475 0.107 0.359 0.294 0.582 

P-7 0.418 0.124 0.284 0.214 0.542 

P-8 0.331 0.142 0.250 0.198 0.473 

P-9 0.322 0.143 0.247 0.198 0.465 
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P-10 0.316 0.145 0.249 0.203 0.461 

 

kh, kk, km, and ksb are Huggins, Kraemer, Martin, and Schulz- Blaschke coefficients 

respectively. 

 

Table 2.4. Determination of viscometric molecular weight (M) by Mark Houwink 

equation  

Sample Mh
a
 Mk

a
 Mm

a
 Msb

a
 Msb

b
 Msc

b
 Mdc

b
 

P-1 14672 16199 16071 16977 17630 17431 18347 

P-2 23674 25752 26441 28508 26870 26711 28634 

P-3 19147 21154 21292 22876 22505 22320 23726 

P-4 16703 18045 18119 19141 19432 19233 20326 

P-5 16081 17238 17290 18288 18019 17819 18788 

P-6 13270 13616 13792 14107 14478 14295 14972 

P-7 25484 25827 27218 28478 26887 26752 28724 

P-8 23323 22848 24245 25021 23034 22837 24274 

P-9 22265 21713 23034 23703 21791 21602 22933 

P-10 20195 19653 20774 21275 19545 19351 20457 

 

Table 2.5. Physical properties of base oils 

Base oil properties Base oils 

BO1 BO2 

Viscosity at 313 K in cSt 7.136 23.392 

Viscosity at 373 K in cSt 1.857 3.915 
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Cloud point,
 0
C -10 -8 

Pour point,
 0
C -3 -6 

Density (g.cm
–3

) at 313 K 0.837 0.868 

 

Table 2.6. Pour Point (PP) of the additive doped base oil (BO1) 

Conc.  

(wt %) 

PP (
0
C) in presence of 

P-1 P-2 P-3 P-4 P-5 P-6 P-7 P-8 P-9 P-10 

0 -3 -3 -3 -3 -3 -3 -3 -3 -3 -3 

2 -9 -21 -21 -18 -18 -6 -18 -15 -15 -12 

4 -6 -18 -18 -15 -15 -6 -12 -12 -12 -12 

6 -6 -15 -15 -15 -12 -3 -9 -9 -12 -9 

 

Table 2.7. Pour Point (PP) of the additive doped base oil (BO2) 

Conc.  

(wt %) 

PP (
0
C) in presence of 

P-1 P-2 P-3 P-4 P-5 P-6 P-7 P-8 P-9 P-10 

0 -6 -6 -6 -6 -6 -6 -6 -6 -6 -6 

2 -12 -18 -15 -15 -12 -9 -15 -15 -15 -12 

4 -9 -12 -12 -12 -12 -6 -12 -15 -12 -9 

6 -6 -9 -12 -9 -9 -6 -12 -12 -9 -9 
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Table 2.8. Viscosity Index (VI) values of the additive doped base oil (BO1) 

Conc. 

(%) 

VI in presence of 

P-1 P-2 P-3 P-4 P-5 P-6 P-7 P-8 P-9 P-10 

0 85 85 85 85 85 85 85 85 85 85 

1 95 105 101 99 95 92 98 95 95 91 

2 98 110 112 109 107 94 103 101 96 92 

3 100 120 119 116 113 95 109 107 98 94 

4 103 122 120 119 122 100 114 110 100 97 

5 106 125 121 125 130 102 117 112 106 99 

6 109 132 126 132 137 105 122 113 109 102 

 

Table 2.9. Viscosity Index (VI) values of the additive doped base oil (BO2) 

Conc. 

(%) 

VI in presence of 

P-1 P-2 P-3 P-4 P-5 P-6 P-7 P-8 P-9 P-10 

0 80 80 80 80 80 80 80 80 80 80 

1 90 85 79 77 76 92 85 83 80 78 

2 93 87 83 81 79 94 90 87 82 80 

3 97 94 86 86 85 95 95 90 86 85 

4 100 99 91 88 90 100 101 94 89 88 

5 102 104 92 98 95 102 106 99 94 91 

6 104 112 94 102 95 105 109 102 99 96 
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Table 2.10. Result of biodegradability test by the disc diffusion method 

Pathogens 

used 

Initial 

weight 

(g) 

Weight loss (g) in the presence of 

 

P-1 

 

P-2 

 

P-3 

 

P-4 

 

P-5 

 

P-6 

 

P-7 

 

P-8 

 

P-9 

 

P-10 

CC  

 

1.50 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

FE 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

AA 0.00 0.17 0.22 0.20 0.26 0.00 0.24 0.28 0.29 0.32 

CG 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

CE 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 

CC, FE, AA, CG, and CE are the pathogens named Calletotricheme camellia (CC), 

Fussarium equisitae (FE), Alterneria alternata (AA), Colletrichum gleosproides (CG), 

and Curvularia eragrostidies (CE). 

 

Table 2.11. Result of biodegradability test by soil burial degradation test 

Initial 

weight 

(g) 

Weight loss (g) in the presence of 

 

P-1 

 

P-2 

 

P-3 

 

P-4 

 

P-5 

 

P-6 

 

P-7 

 

P-8 

 

P-9 

 

P-10 

1.50 0.00 0.08 0.07 0.08 0.09 0.00 0.08 0.08 0.09 0.10 
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Figure 2.1. FT-IR spectra of poly (dodecyl acrylate) 

 

 
 

Figure 2.2. 
1
H-NMR spectra of poly (dodecyl acrylate) 
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Figure 2.3. 
13

C-NMR spectra of poly (dodecyl acrylate) 

 

 
 

Figure 2.4. FT-IR spectra of a representative copolymer of dodecyl acrylate with α-

pinene 
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Figure 2.5. 
1
H-NMR spectra of a representative copolymer of dodecyl acrylate with 

α-pinene 

 

 

Figure 2.6. 
13

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

α-pinene 
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Figure 2.7. FT-IR spectra of poly (isodecyl acrylate)  

 

     

 
 

Figure 2.8. 
1
H-NMR spectra of poly (isodecyl acrylate) 
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Figure 2.9. 
13

C-NMR spectra of poly (isodecyl acrylate) 
 

 

Figure 2.10. FT-IR spectra of a representative copolymer of isodecyl acrylate with α-

pinene 
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Figure 2.11. 
1
H-NMR spectra of a representative copolymer of isodecyl acrylate with 

α-pinene 

 

 

Figure 2.12. 
13

C-NMR spectra of a representative copolymer of isodecyl acrylate with 

α-pinene 
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Figure 2.13. Plot of PWL vs. Temperature. PWL is percent weight loss and 

temperature is measured in Kelvin. 

 

Figure 2.14. Plot of log sp vs. log C[], where sp is the specific viscosity of the 

polymer solution in toluene, C is the concentration of the solution in g.cm
-3

, and [] is 

the intrinsic viscosity of the polymer solution in toluene obtained by using Huggins 

equation. 
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Figure 2.15.1. Plot of pour point vs. additive concentration in BO1 

 

Figure 2.15.2. Plot of pour point vs. additive concentration in BO2 
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Figure 2.16.1. Plot of viscosity index vs. additive concentration in BO1 

 

Figure 2.16.2. Plot of viscosity index vs. additive concentration in BO2 
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Figure 2.17.1. Comparison of IR spectra before and after disk diffusion method for a 

representative copolymer sample of dodecyl acrylate with α-pinene 

 

Figure 2.17.2. Comparison of IR spectra before and after disk diffusion method for a 

representative copolymer sample of isodecyl acrylate with α-pinene 
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2.2.1. Introduction 

Although different chemistry are used as pour point depressants (PPDs)
1-3

 and 

viscosity modifiers (VMs)
4-6

, but most of them are environmentally unacceptable due to 

their low biodegradability and toxicity. It is well known that the lubricating oils 

contaminate the air, soil, and drinking water and affect human and plant life to a great 

extent. Thus, the demand for environmentally acceptable lubricants is increasing along 

with the public concerns for a pollution-free environment
7,8

. Plant oils are promising as 

base fluid for biolubricants because of their excellent lubricity, biodegradability, viscosity-

temperature characteristics, and low volatility. Considering the above, our laboratory has 

started working in this direction to come up with environmentally benign lubricants
9,10

.
 
In 

continuation of that, the present work aims to synthesize some polymeric additives taking 

sunflower oil as one of the monomer units in anticipation that they may be used as 

environmentally accepted additives. The other monomer units are dodecyl acrylate (DDA) 

and 1-decene. The results of our analysis towards the characterization of these polymeric 

additives prepared under identical conditions, by spectral, thermogravimetric, and 

viscometric analysis and evaluation of their multifunctional performance as PPDs and 

VMs, are presented here.  

2.2.2. Experimental procedure 

2.2.2.1. Materials  

Toluene, hydroquinone, and H2SO4 were purchased from Merck Specialities Pvt. 

Ltd., acrylic acid (stabilized with 0.02 % hydroquinone monomethyl ether) from Sisco 

Research Laboratories Pvt. Ltd., dodecyl alcohol and hexane from S D Fine Chem. Ltd., 

1-decene from Across Organics, and methanol from Thomas Baker (Chemicals) Pvt. Ltd. 

All were used as they obtained without further purification. Benzoyl peroxide (BZP), 

obtained from LOBA chemicals, was recrystallized from CHCl3-MeOH mixture before 
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use. Sunflower oil was purchased from local market. Base oils were collected from IOCL, 

Dhakuria, Kolkata, West Bengal. 

2.2.2.2. Esterification 

Esterification of acrylic acid with dodecyl alcohol to prepare dodecyl acrylate 

(DDA) 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. 122). 

 

Scheme 2.3: Preparation of dodecyl acrylate (DDA) 

2.2.2.3. Purification of prepared esters 

The prepared ester was purified by the process as reported in the previous chapter 

(Chapter-II, Page No. 123). 

2.2.2.4. Preparation of copolymers   

The sunflower oil + DDA and sunflower oil + 1-decene copolymers were prepared 

by using different mass fractions (concentration) of DDA and 1-decene with sunflower oil, 

respectively (Table 2.12). The thermal polymerization was carried out in toluene solvent 

using BZP as initiator and by following the method as reported in the previous chapter 

(Chapter-II, Page No. 123). 
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Scheme 2.4: Preparation of copolymer of sunflower oil with dodecyl acrylate  

 

Scheme 2.5: Preparation of copolymer of sunflower oil with 1-decene  
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2.2.3. Measurements 

2.2.3.1. Spectroscopic measurements  

The IR spectra of the samples were recorded with the help of Shimadzu FT-IR 

8300 spectrophotometer as well as in Perkin Elmer FT-IR spectrometer using 0.1 mm KBr 

cells at room temperature. The NMR spectra were recorded in a 300 MHz Bruker Avance 

FT-NMR spectrometer using 5 mm BBO probe. CDCl3 was used as solvent and 

Tetramethylsilane (TMS) was used as reference material.  

2.2.3.2. Thermogravimetric analysis (TGA)  

The thermograms in air were obtained on a Mettler TA-3000 system, at a heating 

rate of 10 K.min
–1

. 

2.2.3.3. Viscometric measurements  

To determine the intrinsic viscosity ([η]) values of the polymers in dilute solution 

at a particular temperature, Huggins, Kraemer, Martin, Schulz-Blaschke (SB), Solomon-

Ciuta (SC), and Deb-Chatterjee (DC) equations are employed (Chapter-II, Page No. 125). 

Among the abovementioned six equations, the [η] value is determined by graphic 

extrapolation
11-15

 from the first four and by single point determination from the last two
12-

14
. After evaluating the value of [η], the viscosity average molecular weight (M) of the 

polymers can be calculated from Mark Houwink Sukurda (MHS) equation:  

[]= KM
a 

Where, K and a are the Mark-Houwink constants. The values of K and a are specific for 

every polymer-solvent combination. So, to get an accurate measure of molecular weight, 

these constant values are to be known for appropriate polymer-solvent combination. For a 

new polymer, it is not possible to get the accurate molecular weight, but an idea of 

whether the molecular weight value is low or high can be drawn by using these values of 

similar types of polymers. 
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The viscometric properties of the polymers were carried out in toluene solution at 

313 K by using an Ubbelohde OB viscometer taking eight different concentrated solutions 

of each of the polymer samples. Time flow of eight different concentrated solutions of 

each of the polymer samples was determined manually by using a Chronometer. In the 

single point measurement, the lowest solution concentration value was chosen for 

calculation. For determining the viscosity average molecular weight (M), the Mark 

Houwink constants, K = 0.00387 dL.g
−1

 and a = 0.725 were used
16,17

 in MHS relation to 

get an idea of whether the molecular weight value is low or high. During the 

measurements adequate precautions were taken regarding the loss due to solvent 

evaporation. 

2.2.3.4. Evaluation of Pour Point (PP) of the additives in lube oil 

The PP of different concentrations of the polymers in two base oils (BO1 and 

BO2) was tested according to the ASTM D97-09 method on a Cloud and Pour Point 

Tester model WIL-471(India). An average of three experimental data taken under identical 

condition was recorded.  

2.2.3.5. Evaluation of Viscosity Index (VI) of the prepared additives in lube oil 

The VI of the prepared polymers was evaluated in two base oils (BO1 and BO2) by 

following the equations
18

 as reported elsewhere (Chapter-II, Page No. 127). Polymer 

solutions of different concentrations ranging from 1 wt % to 6 wt % were prepared to 

investigate the viscosity modifier properties of the polymers with the change in its 

concentration. The dynamic viscosity of the polymer samples was measured at 313 K and 

373 K. Each measurement was repeated thrice and their average was recorded. 

Viscometric properties of the prepared samples were determined using an 

Ubbelohde OB viscometer, thoroughly cleaned, dried, and calibrated at the experimental 

temperatures (313 K and 373 K) with triply distilled, degassed water and purified 
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methanol
19,20

.
 
It was then filled with experimental liquid and placed vertically in a glass 

sided thermostat. After reaching thermal equilibrium, the time flow of liquids was 

recorded with a digital stopwatch. In all determinations an average of three measurements 

was taken into account and precautions were taken to minimize losses due to evaporation.  

2.2.3.6. Biodegradability test 

Biodegradable nature of the polymers was tested by (i) the disk diffusion method 

against fungal pathogens and (ii) the soil burial degradation test of the polymer sample 

films as per ISO 846:1997 and by measuring the shift of IR frequency of the ester 

carbonyl group after the biodegradability test. 

2.2.3.6.1. Disc diffusion method 

The biodegradability of the prepared copolymer samples were tested against five 

different fungal pathogens, namely, Calletotricheme camellia (CC), Fussarium equisitae 

(FE), Alterneria alternata (AA), Colletrichum gleosproides (CG), and Curvularia 

eragrostidies (CE). Culture media for fungal pathogens were prepared by mixing suitable 

proportions of potato extract, dextrose, and agar powder in Petri dishes. All glass 

apparatuses and culture media were autoclaved before use. The fungal growth was 

confirmed by a change of media color from yellow to blackish. Definite weight (1.50 g) of 

polymer samples were added in the petri dishes and incubated at 310 K for 30 days in an 

incubation chamber. After 30 days, the polymer samples were recovered from the fungal 

media and washed with chloroform, purified, and dried in an open vessel. The dried 

samples were weighed
9,21

 and their IR spectra were recorded. 

2.2.3.6.2. Soil burial degradation test 

The soil burial degradation test of the polymer films was conducted as per ISO 

846:1997
22

. Definite weight of polymer samples was buried in soil taken from University 

of North Bengal (West Bengal, India) campus. The soil was taken in a tray, in which the 
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relative humidity was adjusted to 50 % to 60 % and the temperature was thermostatted at 

303 K with the help of a humidity chamber. The buried films were removed at regular 

intervals of 15 days up to a span of 3 months. Recovered sample films were washed with 

chloroform, purified, and dried. The dried samples were weighed and their IR spectra were 

recorded. 

2.2.4. Results and discussions 

2.2.4.1. Spectroscopic data 

FT-IR spectra (Figure 2.18) of sunflower oil + DDA copolymer exhibited 

absorption at 1732.9 cm
−1 

for the ester carbonyl stretching vibration along with other 

peaks at 1457.1, 1244.0, 1170.0 cm
−1

 (CO stretching vibration), 1099.3, 977.8, 723.3 cm
−1

  

(bending of C–H bonds) and 2925.8, 2854.5 cm
−1

 (stretching of C–H bonds). In its 
1
H-

NMR spectra (Figure 2.19), the polymer showed a broad singlet ranging between 4.11 to 

4.31 ppm due to the proton of –OCH2 group of sunflower oil and DDA along with the 

methyl protons ranging between 0.86 to 0.88 ppm and methylene protons ranging between 

1.25 and 1.61 ppm. The proton decoupled 
13

C-NMR spectra (Figure 2.20) of the above 

sample was in complete agreement with the copolymer. The formation of the copolymer 

was further indicated by the absence of peak between 5 to 6 ppm due to sp
2
 hydrogen and 

that between 130 to 140 ppm due to sp
2
 carbon in its 

1
H and 

13
C-NMR, respectively. 

FT-IR spectra (Figure 2.21) of sunflower oil + 1-decene copolymer exhibited 

absorption at 1732.2 cm
−1

 for the ester carbonyl stretching vibration along with other 

peaks at 1456.2, 1378.0, 1244.0, 1173.6 cm
−1

 (CO stretching vibration), 1098.4, 981.7, 

724.2 cm
−1

 (bending of C–H bonds). In its 
1
H-NMR spectra (Figure 2.22), the polymer 

showed a broad singlet ranging between 4.11 to 4.32 ppm due to the proton of –OCH2 

group of sunflower oil along with the methyl protons at 0.88 ppm and methylene protons 

ranging between 1.26 and 1.62 ppm. The formation of the copolymer of was further 
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indicated by the absence of sp
2
 hydrogen and sp

2
 carbon in its 

1
H and 

13
C-NMR, 

respectively (Figure 2.22 and Figure 2.23, respectively). 

The value of extent of incorporation of 1-decene in the copolymer composition, as 

determined from the FT-IR and NMR method
23

 is tabulated in Table 2.12. 

2.2.4.2. Thermogravimetric analysis (TGA) 

A graphical presentation (Figure 2.24) shows a comparison between the TGA data 

of the copolymers of sunflower oil with DDA and 1-decene. The analysis reveals that for 

both set of polymers, thermal stability increases with increasing concentration of DDA and 

1-decene in the feed. The data also shows that the sunflower oil + DDA copolymers are 

less thermally stable than the corresponding sunflower oil + 1-decene copolymers. 

2.2.4.3. Viscometric analysis 

Viscometric data (ηr = relative viscosity, ηsp = specific viscosity, [η] = intrinsic 

viscosity, etc.) were obtained by using the above-mentioned six equations. A linear 

relation for the plot of log ηsp versus log C[η], for all samples (Figure 2.25) indicated that 

while the experiments were performed, Newtonian flow was there in the solution. 

The intrinsic viscosities ([η]) of all samples determined by using both graphic 

extrapolation method and single point determination method are tabulated in Table 2.13. 

In both methods, the SB equation is applied
16

.
 
In single point determination method, the 

value of ksb, used in SB equation applied is 0.28 because the value is found to be very 

close to 0.28 for many polymer-solvent systems
16

. Comparison among the intrinsic 

viscosity ([η]) values of all the copolymers indicated that the values are greater for 

sunflower oil + 1-decene copolymers than that for sunflower oil + DDA copolymers 

which indicates more solute-solvent interaction for sunflower oil + 1-decene copolymers 

than sunflower oil + DDA copolymers in toluene solution. Again with increasing 

concentration of DDA in the copolymers, the [η] values increases indicating that the 
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polymer chains become more and more extended in the solution whereas reverse order is 

found for the 1-decene copolymers.  

From the viscometric constant values (kh, kk, km, and ksb) as obtained from the four 

equations (Huggins, Kraemer, Martin, and Schulz-Blaschke, respectively) of the graphic 

extrapolation method (Table 2.14), it may be concluded that there exists poor solvation as 

is evident from the respective Huggins constant (kh) values. But negative values of 

Kraemer coefficient (kk) and SB coefficient (ksb) values around 0.28 for some of the 

polymer system indicates good solvation of the polymers in toluene and thus the extended 

chain orientation may also be predicted for all the polymer solutions in toluene.  

The viscometric molecular weight (M) values of all the copolymers were 

calculated following the MHS equation (Table 2.15). For the sunflower oil + DDA 

copolymers, the molecular weight of the polymers increases with increase in DDA content 

whereas the trend is reversed for the sunflower oil + 1-decene copolymers; that is with 

increasing concentration of 1-decene content in the copolymers, molecular weight 

decreases. Comparison among the molecular weight values of the polymers indicates that 

the sunflower oil + 1-decene copolymers have greater M values than the sunflower oil + 

DDA copolymers. 

2.2.4.4. Performance evaluation of the prepared polymers as pour point depressant 

(PPD) 

The base oil (BO1 and BO2) properties are tabulated in Table 2.16. The pour point 

values of the polymers blended in the base oils are tabulated in Table 2.17 and Table 

2.18, respectively (also in Figure 2.26.1 and Figure 2.26.2, respectively) which indicate 

that they act as good PPD. Their efficiency decreases with increasing concentration of the 

polymer doped in base oils. The reason may be the solvation power
24

 of the oils. With 

decreasing temperature, the efficiency in solvation gradually decreases and vice versa.  
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Again, when the molecular weight of the polymer and its concentration increases, 

solvation becomes even lesser
24

. Comparison among the pour point values indicates that 

the efficiency of the polymers as PPDs is greater for sunflower oil + DDA copolymers 

than the sunflower oil + 1-decene copolymers. Again, the efficiency in BO1 is greater than 

that of in BO2. 

2.2.4.5. Performance evaluation of the prepared polymers as viscosity modifier 

The dynamic viscosities of different concentrations of the prepared polymeric 

samples in two base oils (BO1 and BO2) are recorded in Table 2.19 and Table 2.21, 

respectively. The data indicates that the values are lower at higher temperature and 

increases with increasing concentration. The Viscosity Index (VI) values in two base oils, 

BO1 and BO2 are tabulated in Table 2.20 and Table 2.22, respectively (also depicted in 

Figure 2.27.1 and Figure 2.27.2, respectively). The values indicate that all the polymers 

act as effective viscosity modifier.  

2.2.4.5.1. Effect of monomers on VI 

The VI values indicate that in both the base oils, the values are greater for 

sunflower oil + DDA copolymers than that for respective sunflower oil + 1-decene 

copolymers. Again, for DDA copolymers, the VI value increases with increase in DDA 

concentration in the feed and the reverse is observed for 1-decene copolymers. The later 

shows decrease in the VI values with increase in 1-Decene concentration in the feed. This 

result may be ascribed to the molecular weight of the polymers.  

2.2.4.5.2. Effect of concentration on VI 

The VI values of the prepared polymers indicate that with increase in concentration 

of the polymers in solution, VI increases. The reason for this may be, while 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 
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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 viscosity 

index compared to a low concentrated polymer solution
5
. 

2.2.4.6. Analysis of biodegradability test results 

Table 2.23 and Table 2.24 present biodegradability test results obtained by using 

the disk diffusion and the soil burial test method, respectively. All copolymers showed 

significant biodegradability against the fungal pathogen, Alterneria alternata, though the 

result is better for the sunflower oil + DDA copolymers. It was further confirmed by the 

shift of IR frequency of the ester carbonyl after the test is over (Figure 2.28.1 and Figure 

2.28.2). The result of soil burial test also indicated the similar extent of biodegradability.  

2.2.5. Conclusion 

The sunflower oil + 1-decene copolymers are thermally more stable than the 

sunflower oil + DDA copolymers and thermal stability increases with increasing 

concentration of 1-decene and DDA in the feed. Intrinsic viscosity ([η]) and viscometric 

molecular weight values of the copolymers are also greater for sunflower oil + 1-decene 

copolymers than that for sunflower oil + DDA copolymers. Evaluation of performance of 

the additives indicates that the sunflower oil + DDA copolymers act as better pour point 

depressants and viscosity modifiers compared to the sunflower oil + 1-decene copolymers. 

The prepared polymers also show biodegradability to some extent. 

2.2.6. References 

References are given in Bibliography under Chapter-III of Part-II (Page No. 205-

208). 
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2.2.7. Tables and figures 

Table 2.12. Composition of the monomers in the copolymers in terms of mass 

fraction determined by NMR and FT-IR spectroscopic method
23 

 

Sample 

mass fraction of  

DDA/1-decene in 

the feed 

mass fraction of  

DDA/1-decene in 

copolymer by NMR 

mass fraction of 

DDA/1-decene in 

copolymer by FT-IR 

P-1 0.0100 0.0089 0.0078 

P-2 0.0300 0.0265 0.0242 

P-3 0.0500 0.0469 0.0447 

P-4 0.0100 0.0082 0.0067 

P-5 0.0300 0.0274 0.0271 

P-6 0.0500 0.0458 0.0452 

 

P-1 to P-3: Copolymer of sunflower oil with different mass fraction of DDA; P-4 to P-6: 

Copolymer of sunflower oil with different mass fraction of 1-decene.   

 

Table 2.13. Intrinsic viscosity ([]) values calculated by using different equations 

Sample []h
a

 []k
a
 []m

a 
[]sb

a
 []sb

b
 []sc

b
 []dc

b
 

P-1 3.125 3.508 3.421 3.628 3.830 3.797 3.919 

P-2 3.820 4.165 4.112 4.317 4.457 4.419 4.580 

P-3 4.522 4.761 4.783 4.978 4.985 4.946 5.153 

P-4 4.924 5.082 5.171 5.358 5.208 5.172 5.397 

P-5 4.124 4.416 4.393 4.600 4.615 4.576 4.758 

P-6 3.262 3.617 3.536 3.739 3.911 3.875 4.001 
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h, k, m, sb, sc, and dc refer to Huggins, Kraemer, Martin, Schulz-Blaschke, Solomon-

Ciuta, and Deb-Chatterjee equations, respectively. a- Extrapolation of graph, b- Single 

point determination (ksb = 0.28).  

 

Table 2.14. Viscometric constants (k) obtained for all prepared polymer samples 

Sample kh kk km ksb kh +kk 

P-1 1.266 -0.104 0.722 0.486 1.162 

P-2 0.888 -0.01 0.540 0.379 0.878 

P-3 0.633 0.074 0.415 0.302 0.707 

P-4 0.537 0.093 0.364 0.270 0.630 

P-5 0.766 0.037 0.487 0.345 0.803 

P-6 1.143 -0.074 0.676 0.461 1.069 

 

Table 2.15. Viscometric molecular weight (M) values of all prepared polymer samples 

Sample Mh
a 

Mk
a 

Mm
a 

Msb
a 

Msb
b 

Msc
b 

Mdc
b 

P-1 10229 11998 11589 12568 13543 13382 13979 

P-2 13494 15203 14937 15974 16693 16497 17331 

P-3 17029 18283 18400 19442 19480 19270 20391 

P-4 19152 20004 20490 21519 20692 20495 21735 

P-5 14997 16481 16363 17436 17514 17311 18267 

P-6 10853 12515 12130 13101 13939 13763 14384 
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Table 2.16. Base oil properties 

Properties Base oils 

BO1 BO2 

Density (g.cm
-3

) at 313 K 0.837 0.868 

viscosity at 313 K in cSt 7.136  23.392  

viscosity at 373 K in cSt 1.856  3.915  

Cloud point, 
0
C -10 -8 

Pour point, 
0
C -3 -6 

 

Table 2.17. Pour Point (PP) of the additive doped base oil (BO1) 

Conc. 

(wt %) 

PP in presence of 

P-1 P-2 P-3 P-4 P-5 P-6 

0 -3 -3 -3 -3 -3 -3 

1 -13 -12 -13 -11 -10 -10 

2 -12 -12 -13 -10 -10 -10 

3 -11 -11 -12 -9 -9 -10 

 

Table 2.18. Pour Point (PP) of the additive doped base oil (BO2) 

Conc. 

(wt %) 

PP in presence of 

P-1 P-2 P-3 P-4 P-5 P-6 

0 -6 -6 -6 -6 -6 -6 

1 -14 -16 -15 -13 -13 -12 

2 -14 -15 -15 -12 -12 -12 

3 -13 -14 -14 -12 -12 -11 
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Table 1.19. Dynamic viscosity values of the additives doped in base oil (BO1) 

Conc. 

(wt %) 

Temp. 

(K) 

dynamic viscosity (cP) in presence of 

P-1 P-2 P-3 P-4 P-5 P-6 

0 313 5.972 5.972 5.972 5.972 5.972 5.972 

373 1.481 1.481 1.481 1.481 1.481 1.481 

1 313 6.362 6.392 6.539 6.509 6.511 6.446 

373 1.600 1.626 1.667 1.598 1.595 1.574 

2 313 6.447 6.459 6.586 6.615 6.541 6.474 

373 1.624 1.650 1.686 1.629 1.606 1.583 

3 313 6.490 6.492 6.615 6.663 6.589 6.535 

373 1.637 1.661 1.693 1.643 1.624 1.602 

4 313 6.531 6.526 6.668 6.709 6.609 6.624 

373 1.647 1.672 1.705 1.660 1.634 1.629 

5 313 6.574 6.586 6.724 6.744 6.642 6.657 

373 1.667 1.692 1.725 1.677 1.643 1.645 

6 313 6.641 6.628 6.764 6.789 6.676 6.696 

373 1.681 1.707 1.737 1.697 1.658 1.659 

 

Table 2.20. Dependence of Viscosity Index (VI) on the concentration of additives in 

base oil (BO1) 

Conc. 

(wt %) 

VI in presence of 

P-1 P-2 P-3 P-4 P-5 P-6 

0 85 85 85 85 85 85 

1 108 115 119 100 98 94 

2 110 118 121 104 101 95 
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3 113 119 121 106 104 98 

4 114 120 122 109 106 102 

5 117 122 124 112 107 105 

6 118 124 125 115 110 107 

 

Table 1.21. Dynamic viscosity values of the additives doped in base oil (BO2) 

Conc. 

(wt %) 

Temp. 

(K) 

dynamic viscosity (cP) in presence of 

P-1 P-2 P-3 P-4 P-5 P-6 

0 313 20.305 20.305 20.305 20.305 20.305 20.305 

373 3.247 3.247 3.247 3.247 3.247 3.247 

1 313 20.470 20.524 20.680 20.868 20.889 20.955 

373 3.407 3.457 3.553 3.465 3.461 3.452 

2 313 20.545 20.590 20.814 20.941 20.949 21.044 

373 3.451 3.491 3.601 3.486 3.488 3.471 

3 313 20.530 20.658 20.952 21.987 21.008 21.109 

373 3.477 3.542 3.685 3.521 3.506 3.497 

4 313 20.655 20.717 21.072 21.066 21.080 21.186 

373 3.534 3.590 3.729 3.537 3.538 3.527 

5 313 20.719 20.799 21.191 21.155 21.137 21.265 

373 3.588 3.650 3.772 3.568 3.562 3.557 

6 313 20.791 20.874 21.285 21.246 21.201 21.353 

373 3.637 3.694 3.822 3.609 3.592 3.602 
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Table 2.22. Dependence of VI on the concentration of additives in base oil (BO2) 

Conc. 

(wt %) 

VI in presence of 

P-1 P-2 P-3 P-4 P-5 P-6 

0 80 80 80 80 80 80 

1 95 98 104 97 96 94 

2 97 99 106 98 98 95 

3 99 102 111 100 99 97 

4 102 104 113 101 101 98 

5 105 108 115 102 102 100 

6 107 110 117 105 104 103 

 

Table 2.23. Result of biodegradability test by the disc diffusion method 

Pathogens 

used 

Initial 

weight 

(g) 

Weight loss (g) in the presence of 

 

P-1 

 

P-2 

 

P-3 

 

P-4 

 

P-5 

 

P-6 

CC  

 

1.50 

0.00 0.00 0.00 0.00 0.00 0.00 

FE 0.00 0.00 0.00 0.00 0.00 0.00 

AA 0.38 0.32 0.28 0.25 0.21 0.28 

CG 0.00 0.00 0.00 0.00 0.00 0.00 

CE 0.00 0.00 0.00 0.00 0.00 0.00 

 

CC, FE, AA, CG, and CE are the pathogens named Calletotricheme camellia (CC), 

Fussarium equisitae (FE), Alterneria alternata (AA), Colletrichum gleosproides (CG), 

and Curvularia eragrostidies (CE). 
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Table 2.24. Result of biodegradability test by soil burial degradation test 

Initial 

weight (g) 

Weight loss (g) in the presence of 

P-1 P-2 P-3 P-4 P-5 P-6 

1.50 0.21 0.17 0.15 0.11 0.10 0.07 
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Figure 2.18. FT-IR spectra of a representative copolymer of sunflower oil with 

dodecyl acrylate 

 

 

Figure 2.19. 
1
H-NMR spectra of a representative copolymer of sunflower oil with 

dodecyl acrylate 
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Figure 2.20. 
13

C-NMR spectra of a representative copolymer of sunflower oil with 

dodecyl acrylate 

 

 
 

Figure 2.21. FT-IR spectra of a representative copolymer of sunflower oil with 1-

decene 
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Figure 2.22. 
1
H-NMR spectra of a representative copolymer of sunflower oil with 1-

decene 

 

 

Figure 2.23. 
13

C-NMR spectra of a representative copolymer of sunflower oil with 1-

decene 
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Figure 2.24. Plot of PWL versus Temperature. PWL is percent weight loss and 

temperature is measured in Kelvin. 

 

 
 

Figure 2.25. Plot of log sp versus log C[], where sp is the specific viscosity of the 

polymer solution in toluene, C is the concentration of the solution in g.cm
-3

, and [] is 

the intrinsic viscosity of the polymer solution in toluene obtained by using Huggins 

equation. 
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Figure 2.26.1. Plot of pour point vs. additive concentration in BO1 

 

 

Figure 2.26.2. Plot of pour point vs. additive concentration in BO2 
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Figure 2.27.1. Plot of viscosity index vs. additive concentration in BO1 

 

 

Figure 2.27.2. Plot of viscosity index vs. additive concentration in BO2 
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Figure 2.28.1. Comparison of IR spectra before and after disk diffusion method for a 

representative copolymer sample of sunflower oil with dodecyl acrylate  

 
 

Figure 2.28.2. Comparison of IR spectra before and after disk diffusion method for a 

representative copolymer sample of sunflower oil with 1-decene 
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ABSTRACT: Additives based on polymers of alkyl acrylate used in lubricant composition improve the viscometric and rheological
properties of the lubricant and provide fuel economy. However, the recent demand for eco-friendly technology prompted us to
develop biodegradable additives for the lubricant formulation. Thus, in anticipation of getting an ideal blend of performance as well
as eco-friendly chemistry, the present investigation comprising the incorporation of an α-pinene (α-p) moiety into the acrylate
(dodecyl acrylate, DDA, and isodecyl acrylate, IDA) skeleton through copolymerization was undertaken. The analysis of different
properties of the polymers indicates that copolymers of α-pinene with DDA have more thermal stability and better pour point and
viscosity index (VI) values than the copolymers of α-pinene with IDA. However, the study of the biodegradability test indicates that
the copolymers of α-pinene with IDA are better than the other and they show significant biodegradability against the fungal
pathogen, Alterneria alernata. In both of the cases, homopolymers are found to be less efficient in performance than the copolymers.

’ INTRODUCTION

Base fluid mineral oil generally cannot satisfy the requirements of
high performance lubricants without using modern additive tech-
nology. Thus, to meet the specifications provided by the original
equipment manufacturers, modern lubricants are being formulated
from a range of base fluids and chemical additives. Again, increasing
environmental awareness has increased the breadth of the investiga-
tion about new environmental lubricants and additive chemistry.
Keeping this view in mind, researchers have already started working
in this direction to meet the above needs.1,2 In our last communica-
tion we used additives based on the acrylate + sunflower oil system
and obtained very good results toward its biodegradability as well as
its additive performance as a pour point depressant (PPD) in lube
oil.3 In continuation of our efforts for the development of eco-
friendly polymeric additives for lube oil, this time we have chosen
α-pinene as a potential candidate to incorporate biodegradability
in its acrylate copolymer. Thus, the present investigation com-
prises the synthesis, characterization, and evaluation of these
copolymers as a potential biodegradable additives for lubricating
oil. The study includes the synthesis of copolymers using different
mass fractions of α-pinene with dodecyl acrylate (DDA) and
isodecyl acrylate (IDA), their characterization, a performance
evaluation, and an evaluation of the biodegradable nature of the
polymers. The homopolymers of DDA and IDA have also been
prepared under identical conditions for a comparison of their
performance with respect to the prepared copolymers. Physical
characterization of the polymers has been carried out employing
thermogravimetric analysis (TGA), IR, andNMR techniques. The
performance of the polymer additives has been tested with respect
to their PPD4 and viscosity index improver (VII) properties.5,6

Since viscosity is a very important property of a lubricant7�9 and
viscometric studies in dilute solution may give valuable informa-
tion about the structure and morphology of the polymer chain in
desired solvent, the present investigation also included the visco-
metric study of the copolymers as well as the homopolymers.

The molecular weight of the macromolecules in solution can
also be determined by using viscometric analysis. According to
the Mark�Houwink�Sukurda equation (eq 1), the value of

intrinsic viscosity, [η], changes with the molecular weight of the
polymer in a solvent as:

½η� ¼ KMa ð1Þ
whereM is the viscosity averagemolecular weight andK and a are
theMark�Houwink constants. The values ofK and a are specific
for every polymer�solvent combination. So, to get an accurate
measure of molecular weight, these constant values are to be
known for appropriate polymer�solvent combinations.

A graphic extrapolation method based on Huggins, Kraemer,
Martin, and Schulz-Blaschke equations10�14 and the single point
determination method11�13 based on Solomon�Ciuta and
Deb�Chatterjee relations are most useful for the study of the
viscometric properties of a dilute polymer solution at a particular
temperature. The latter method has the advantage of being
considerably faster and is better than the graphic extrapolation
method when a large number of samples must be analyzed in a
short period of time, a practical use in industrial laboratories.

These equations have been derived under the supposition of the
validity of the relationship kh + kk = 0.5

11 (Table 5). Since the behavior
of polymers especially the copolymers in solution is a complex
phenomenon, a comparison involving the values of their intrinsic
viscosity obtained by graphic extrapolation and by single-point
determination should be interesting. In thiswork, the intrinsic viscosity
of toluene solution for samples of poly(alkyl acrylate) and copolymers
of that consisting of differentmass fractions ofα-pinenewere obtained
by graphic extrapolation and the single-point determination method.
The viscosity averagemolecular weight, determined by using different
equations, was calculated and compared for different polymers.

’EXPERIMENTAL SECTION

Materials. Toluene (GC 99.5 %), hydroquinone (GC 99 %),
and H2SO4 were purchased from Merck Specialties Pvt., Ltd.
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Acrylic acid (GC 99 %, stabilized with 0.02 % hydroquinone
mono methylether) and isodecanol (GC 98 %) were obtained
from Sisco Research Laboratories Pvt., Ltd. 1-Dodecanol
(GC 98 %) and hexane (GC 99.5 %) were purchased from SD
Fine Chemicals, Ltd. α-Pinene (GC 98 %) was obtained from
Acros Organics. Methanol (GC 98 %) was purchased from
Thomas Baker (Chemicals) Pvt., Ltd. Benzoyl peroxide (GC
98 %), obtained from LOBA Chemicals, was recrystallized from
CHCl3-MeOH before use. The rest of the materials were used as
they were obtained without further purification. Base oils were
collected from IOCL, Dhakuria, West Bengal, India. The fungal
specimens were collected from the Department of Microbiology,
North Bengal University, West Bengal, India.
Esterification. Isodecyl acrylate was prepared by reacting

1.1 mol of acrylic acid with 1 mol of isodecyl alcohol. The re-
action was carried out in a resin kettle in the presence of concen-
trated sulfuric acid as a catalyst, 0.25 % hydroquinone with
respect to the reactants as polymerization inhibitor, 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 tempera-
ture 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, IDA. Under the same procedure, DDA
was also prepared from acrylic acid and dodecyl alcohol.
Purification of Prepared Esters. The prepared esters were

purified according to the following procedure: a suitable amount
of charcoal was added to the ester. It was 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 overnight on calcium chloride and was
then removed by distillation under reduced pressure and was
used in the polymerization process.

Preparation of Copolymer and Homopolymer. The po-
lymerization 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 α-pinene dropwise. In the flask, the desired mass (Table 3)
of IDA and initiator benzoyl peroxide (BZP) was placed followed
by dropwise addition of desired mass of α-pinene (Table 3) for
2 h in the presence of toluene as a solvent. The reaction tem-
perature was maintained at 353 K 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 (Figure 3) was further purified by
repeated precipitation of its hexane solution by methanol fol-
lowed by drying under vacuum at 313 K.
The homopolymer of IDA (HIDA, Figure 1), homopolymer

of DDA (HDDA, Figure 2), and also the copolymer of DDAwith
α-pinene (Figure 3) were similarly prepared and purified under
the same conditions for use in reference experiments.15

’MEASUREMENTS

Spectroscopic Measurements. IR spectra were recorded on a
ShimadzuFT-IR 8300 spectrometer using 0.1mmKBr cells at room
temperature within the wavenumber range (400 to 4000) cm�1.
NMR spectra were recorded in Bruker Avance 300 MHz FT-NMR
spectrometer using a 5 mm BBO probe. CDCl3 was used as solvent
and tetramethylsilane (TMS) as reference material.
Viscometric Measurements. Viscometric properties were

determined at 313 K in toluene solution, using an Ubbelohde
OB viscometer. The experimental determination was carried out
by counting time flow at least eight different concentrations of
the sample solution. The time flow of the solution was manually
determined by using a chronometer. In the single-point measure-
ment, the lowest value of solution concentration was chosen
for calculation. The viscosity results were checked against
viscosity of known solutions, and the uncertainty was found to
be nearly 0.17 %. Precautions regarding the prevention of
evaporation of the solvent were taken in all of the cases. For
the viscosity�average molecular weight determination, the con-
stants K = 0.00387 dL 3 g

�1 and a = 0.72515,16 were employed in
the Mark�Houwink�Sukurda relation.
Thermogravimetric Analysis (TGA).The thermograms in air

were obtained on a Mettler TA-3000 system, at a heating rate of
10 K 3min�1.
Biodegradability Test. Biodegradability of the polymers was

tested (i) by the disk diffusion method against fungal pathogens
and (ii) by the soil burial degradation test of polymer films as per
ISO 846:1997 and by measuring the shift of IR frequency of the
ester carbonyl after the biodegradability test.
Disc Diffusion Method.The biodegradability of the prepared

polymer samples (both the copolymer and the homopolymer)
were tested against five different fungal pathogens, namely,
Calletotricheme camellia (CC), Fussarium equisitae (FE), Alter-
neria alternata (AA), Colletrichum gleosproides (CG), and Curvu-
laria eragrostidies (CE). All glass apparatuses and culture media
were autoclaved before use. Culture media for fungal strains were
prepared by mixing suitable proportions of potato extract,
dextrose, and agar powder. The fungal growth was confirmed
by a change of yellow to blackish. All experiments were per-
formed in Petri dishes and were incubated at 310 K for 30 days
after the addition of definite weight (1.5 g) of polymer samples.
The whole process was carried out in an inoculation chamber.

Figure 2. Poly(dodecyl acrylate).

Figure 1. Poly(isodecyl acrylate).

Figure 3. α-Pinene and its copolymer with IDA and DDA.
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After 30 days polymer samples were recovered from the fungal
media and washed with chloroform, purified, and dried in an
open vessel. The dried samples were weighed.3,17

Soil Burial Degradation Test.The soil burial degradation test
of polymer films was conducted as per ISO 846:1997.18 The films
of polymer samples were buried in soil. The soil used in this study
had been taken from North Bengal University (West Bengal,
India) campus. The soil was taken in a tray, in which the relative
humidity was adjusted to 50 % to 60 % and temperature was
thermostatted at 303 K with the help of a humidity chamber.
The buried films were removed at regular intervals of 15 days
up to a span of 3 months. Recovered films were washed with
chloroform, purified, and dried. The dried samples were
weighed.
Evaluation of Prepared Polymer as Pour Point Depres-

sants (PPDs) in Base Oils. The prepared additives were eval-
uated as PPDs using base oils (BO1 and BO2) through the pour

point test according to the ASTM D97-09 method using the
Cloud and Pour Point Tester model WIL-471 (India). The
properties of base oils are given in the Table 5. The effect of
additive concentration on pour point was investigated by using
different doping concentrations. The experimental data were
noted by taking an average of three experimental results under
identical conditions.
Determination of Viscosity Index (VI). The various blends

were prepared by using two different types of lubricating oil.
Viscosities and the viscosity index (VI) of these oils were
calculated according to ASTM D2270-10. The kinematic visc-
osity of the oil containing the tested copolymer was determined
at (313 and 373) K. Different concentrations between 1 3 10

3 ppm
to 6 3 10

3 ppm were used to study the effect of concentration on
VI of the additive-doped lube oil. All of the experimental data as
mentioned above were noted by taking an average of three
experimental results under identical conditions.

Table 2. Composition of the Monomers in the Copolymers in Terms of Mass Fraction Determined by NMR and FT-IR
Spectrophotometric Methoda

polymer sample

mass fraction in the feed mass fraction of in α-pinene

copolymer by NMR method

mass fraction of α-pinene in

copolymer by FT-IRIDA α-pinene

P-6 1

P-7 0.970 0.025 0.01 0.015

P-8 0.95 0.05 0.04 0.021

P-9 0.925 0.075 0.038 0.037

P-10 0.90 0.10 0.041 0.049
a P-6: HIDA, P-7: 2.5 % α-p+IDA, P-8: 5 % α-p+IDA, P-9: 7.5 % α-p+IDA, P-10: 10 % α-p+IDA.

Table 1. Composition of the Monomers in the Copolymers in Terms of Mass Fraction Determined by NMR and FT-IR
Spectrophotometric Methoda

polymer sample

mass fraction in the feed mass fraction of in α-pinene

copolymer by NMR method

mass fraction of α-pinene in

copolymer by FT-IRDDA α-pinene

P-1 1

P-2 0.970 0.025 0.01 0.015

P-3 0.95 0.05 0.03 0.022

P-4 0.925 0.075 0.035 0.037

P-5 0.90 0.10 0.04 0.05
a P-1: HDDA, P-2: 2.5 % α-p+DDA, P-3: 5 % α-p+DDA, P-4: 7.5 % α-p+DDA, P-5: 10 % α-p+DDA.

Table 3. Intrinsic Viscosity [η] Values for Prepared Polymer
Samples Calculated by Using Different Equationsa

sample [η]h
b [η]k

b [η]m
b [η]sb

b [η]sb
c [η]sc

c [η]dc
c

P-1 4.059 4.361 4.336 4.512 4.637 4.599 4.773

P-2 5.742 6.103 6.221 6.570 6.294 6.267 6.591

P-3 4.923 5.292 5.317 5.601 5.535 5.502 5.751

P-4 4.459 4.716 4.730 4.922 4.976 4.939 5.141

P-5 4.338 4.562 4.572 4.762 4.711 4.673 4.856
a h, k, m, sb, sc, and dc refer to the Huggins, Kraemer, Martin, Schulz-
Blaschke, Solomon�Ciuta, and Deb�Chatterjee equations, respe-
ctively. P-1: HDDA, P-2: 2.5 % α-p+DDA, P-3: 5 % α-p+DDA, P-4:
7.5 %α-p+DDA, P-5: 10 %α-p+DDA. bExtrapolation of graph. c Single-
point determination (ksb = 0.28).

Table 4. Intrinsic Viscosity [η] Values for Prepared Polymer
Samples Calculated by Using Different Equationsa

sample [η]h
b [η]k

b [η]m
b [η]sb

b [η]sb
c [η]sc

c [η]dc
c

P-6 3.774 3.845 3.881 3.945 4.020 3.983 4.119

P-7 6.057 6.116 6.353 6.565 6.297 6.274 6.606

P-8 5.680 5.596 5.842 5.977 5.629 5.594 5.847

P-9 5.492 5.393 5.629 5.747 5.407 5.373 5.611

P-10 5.117 5.017 5.223 5.314 4.997 4.961 5.165
a h, k, m, sb, sc, and dc refer to Huggins, Kraemer, Martin, Schulz-
Blaschke, Solomon�Ciuta, and Deb�Chatterjee equations, respec-
tively. P-6: HIDA, P-7: 2.5 % α-p+IDA, P-8: 5 % α-p+IDA, P-9: 7.5 %
α-p+IDA, P-10: 10 % α-p+IDA. bExtrapolation of graph. c Single-point
determination (ksb = 0.28).
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’RESULTS AND DISCUSSION

Spectroscopic Analysis. Fouier transform infrared (FT-IR)
spectra of homopolymers of IDA exhibited absorption at
1732 cm�1 for the ester carbonyl stretching vibration along with
other peaks at (1456.2, 1379, 1260, and 1166.9) cm�1, owing to
the CO stretching vibration and absorption bands at (750 and
710) cm�1 were due to the bending of C�H bond. In its 1H
NMR spectra, homo IDA showed a broad singlet centered at
4.02 ppm due to the proton of�OCH2 group; a broad singlet at
0.86 ppmwas due tomethyl groups of isodecyl chain. The proton
decoupled 13C NMR of the above sample was in complete
agreement with the homopolymer, and the probable structure
is shown in Figure 1. The formation of the copolymer of IDA and
α-pinene was indicated by the absence of sp2 hydrogen and sp2

carbon in its 1H and 13C NMR, respectively.19

FT-IR spectra of the homopolymer of DDA exhibited absorp-
tion at 1732 cm�1 due to ester carbonyl stretching vibration
along with other peaks at (1456, 1260, 1164.9, 1112, 1028, and
711) cm�1 due to the bending of C�Hbond.1HNMR spectra of
the homopolymer indicated the existence of a�OCH2 group at
4.02 ppm (broad singlet) along with the methyl protons ranging
between (0.86 to 0.90) ppm together with methylene protons
ranging between (1.3 and 1.6) ppm. The proton-decoupled 13C
NMR of the above sample was in complete agreement with the
homopolymer, and the probable structure is shown in Figure 2.
The absence of peak between (4 and 6) ppm in the 1HNMRand

that between (130 and 150) ppm in the 13C NMR spectrum
indicated the formation of copolymer of DDA�α-pinene. The
extent of incorporation of the α-pinene monomer (Tables 1 and 2)
in the polymer chain was determined through IR andNMR spectral
analysis as was reported earlier.19 The structures of α-pinene and its
copolymer with IDA and DDA are shown in Figure 3.
Viscometric Analysis. Tables 3 and 4 presents intrinsic

viscosity, that is, [η] values related to all equations for the
samples analyzed. Taking into account the data for homo and

all copolymer samples, it can be noticed that, except for one or
two cases, the values are consistent. A comparison among the
copolymers indicated that there is a gradual decrease of [η]
values with the increase of α-pinene content in the monomer
composition in both cases. Intrinsic viscosity values are lower in
homopolymer (P1 and P6) compared to the copolymeric
sample. Although different intrinsic viscosity values may be
found by the graphic extrapolation method (Huggins, Kraemer,
Martin, and Schulz-Blaschke equation), but in this work the data
obtained from these four equations showed a tendency to be
close for both homo and copolymers. Irrespective of the nature of
the polymer, the [η] value obtained by the single-point determi-
nation method shows higher values than the values obtained by
using the graphical extrapolation method.
Tables 5 and 6 present the viscometric constant values

obtained for all equations using the graphic extrapolation
method. Although kk values are not negative and ksb 6¼ 0.28
(for most of the cases), the values of kh + kk are nearly equal to
0.5, and values of kh are less than 0.5 for the polymers of IDA,
which indicates better solvation11 of these polymers compared to
those of DDA.
Viscometric molecular weight (Mv) obtained by using the

Mark�Houwink equation is presented in Tables 7 and 8. As is
expected, the homopolymer showed a lower viscometric mole-
cular weight (Mv) compared to the copolymers. There is also a
gradual decrease of Mv with the increase in α-pinene concentration
in the case of the copolymers, and the values are in line with the
intrinsic viscosity values of the polymers.

Table 6. Viscometric Constants Obtained for Poly(isodecyl
acrylate) and Its Copolymeric Samplesa

sample kh kk km ksb kh + kk

P-6 0.475 0.107 0.359 0.294 0.582

P-7 0.418 0.124 0.284 0.214 0.542

P-8 0.331 0.142 0.250 0.198 0.473

P-9 0.322 0.143 0.247 0.198 0.465

P-10 0.316 0.145 0.249 0.203 0.461
a kh, kk, km, and ksb are Huggins, Kraemer, Martin, and Schulz-Blaschke
coefficients, respectively.

Table 5. Viscometric Constants Obtained for Poly(dodecyl
acrylate) and Its Copolymeric Samplesa

sample kh kk km ksb kh + kk

P-1 0.760 0.044 0.478 0.347 0.804

P-2 0.640 0.082 0.379 0.260 0.722

P-3 0.727 0.059 0.437 0.302 0.786

P-4 0.652 0.071 0.422 0.307 0.723

P-5 0.655 0.062 0.435 0.316 0.717
a kh, kk, km, and ksb are Huggins, Kraemer, Martin, and Schulz-Blaschke
coefficients, respectively.

Table 7. Determination of the Molecular Weight, M, by the
Mark�Houwink Equation [η] =KMa,WhereK = 0.00387 and
a = 0.725a

sample Mh
b Mk

b Mm
b Msb

b Msb
c Msc

c Mdc
c

P-1 14672 16199 16071 16977 17630 17431 18347

P-2 23674 25752 26441 28508 26870 26711 28634

P-3 19147 21154 21292 22876 22505 22320 23726

P-4 16703 18045 18119 19141 19432 19233 20326

P-5 16081 17238 17290 18288 18019 17819 18788
a h, k, m, sb, sc, and dc refer to the Huggins, Kraemer, Martin, Schulz-
Blaschke, Solomon�Ciuta, and Deb�Chatterjee equations, respec-
tively. P-1: HDDA, P-2: 2.5 % α-p+DDA, P-3: 5 % α-p+DDA, P-4:
7.5 % α-p+DDA, P-5: 10 % α-p+DDA. b Extrapolation of the graph.
c Single-point determination (ksb = 0.28).

Table 8. Determination of Molecular Weight, M, by the
Mark�Houwink Equation [η] =KMa,WhereK = 0.00387 and
a = 0.725a

sample Mh
b Mk

b Mm
b Msb

b Msb
c Msc

c Mdc
c

P-6 13270 13616 13792 14107 14478 14295 14972

P-7 25484 25827 27218 28478 26887 26752 28724

P-8 23323 22848 24245 25021 23034 22837 24274

P-9 22265 21713 23034 23703 21791 21602 22933

P-10 20195 19653 20774 21275 19545 19351 20457
a h, k, m, sb, sc, and dc refer to Huggins, Kraemer, Martin, Schulz-
Blaschke, Solomon�Ciuta, and Deb�Chatterjee equations, respec-
tively. P-6: HIDA, P-7: 2.5 % α-p+IDA, P-8: 5 % α-p+IDA, P-9:
7.5 % α-p+IDA, P-10: 10 % α-p+IDA. bExtrapolation of the graph.
c Single-point determination (ksb = 0.28).
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A linear relation for the plot of log ηsp versus log C[η],
obtained for all samples (Figure 4), indicated that measurements
were performed in a Newtonian flow.10,13

Thermogravimetric Analysis. Tables 9 and 10 present a
comparison between the TGA data for homo and copolymers.
The TGA data show that the copolymers are better in thermal
stability than the homopolymers. Also, with the decreasing α-
pinene concentration in the feed, the thermal stability increases.

A comparison among the copolymers indicates that the copolymers
of DDA are more stable than the copolymers made from IDA.

Figure 4. Plot of log ηsp vs logC[η], where ηsp is the specific viscosity of
the polymer solution in toluene, C is the concentration of the solution in
g 3 cm

�3, and [η] is the intrinsic viscosity of the polymer solution in
toluene obtained by using the Huggins equation.O, P-1;—, P-2;b, P-3;
0, P-4; (, P-5; +, P-6; ), P-7; 4, P-8; 1, P-9; 9, P-10.

Table 9. Thermogravimetric Analysis (TGA) Data for All
Polymersa

TGA data

sample decom. temp./K PWL

P-1 503/603 32/91

P-2 503/683 8/84

P-3 503/703 10/91

P-4 513/653 30/89

P-5 513/633 37/91
aDecom. temp. is decomposition temperature, and PWL is percent
weight loss.

Table 10. TGA Data for All Polymersa

TGA data

sample decom. temp./K PWL

P-6 453/573 15/86

P-7 493/613 30/90

P-8 493/603 32/91

P-9 483/593 33/90

P-10 483/630 35/96
aDecom. temp. is decomposition temperature, and PWL is percent
weight loss.

Table 11. Physical Properties of Base Oils

base oil properties

base oils

BO1 BO2

viscosity at 40 �C in cSt 7.136 23.392

viscosity at 100 �C in cSt 1.857 3.915

cloud point, �C �10 �8

pour point, �C �3 �6

density (g 3 cm
�3) at 40 �C 0.83698 0.86803

Table 12. Pour Point (PP) of the Additive (P-1 to P-5)
Doped Base Oil (BO1)

conc. of the additive in ppm ( 3 10
3)

PP (�C) in the presence of

P-1 P-2 P-3 P-4 P-5

0 �3 �3 �3 �3 �3

2 �9 �21 �21 �18 �18

4 �6 �18 �18 �15 �15

6 �6 �15 �15 �15 �12

Table 14. PP of the Additive (P-1 to P-5) Doped Base Oil
(BO2)

conc. of the additive in ppm ( 3 10
3)

PP (�C) in the presence of

P-1 P-2 P-3 P-4 P-5

0 �6 �6 �6 �6 �6

2 �12 �18 �15 �15 �12

4 �9 �12 �12 �12 �12

6 �6 �9 �12 �9 �9

Table 15. PP of the Additive (P-6 to P-10) Doped Base Oil
(BO2)

conc. of the additive in ppm ( 3 10
3)

PP (�C) in the presence of

P-6 P-7 P-8 P-9 P-10

0 �6 �6 �6 �6 �6

2 �9 �15 �15 �15 �12

4 �6 �12 �15 �12 �9

6 �6 �12 �12 �9 �9

Table 13. PP of the Additive (P-6 to P-10) Doped Base Oil
(BO1)

conc. of the additive in ppm ( 3 10
3)

PP (�C) in the presence of

P-6 P-7 P-8 P-9 P-10

0 �3 �3 �3 �3 �3

2 �6 �18 �15 �15 �12

4 �6 �12 �12 �12 �12

6 �3 �9 �9 �12 �9
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Performance of the Homo and Copolymers as PPD.
Properties of base oils are reported in Table 11. Pour points of
the different levels of additive-doped lube oils (BO1 and BO2)
were tested and tabulated in Table 12 to 15. The values indicate
that the prepared copolymers of DDAwith α-pinene samples are
more efficient as PPD than the copolymers of IDA with α-
pinene, and the efficiency increases with the decrease in con-
centration of the additive in base oil. This may be explained on
the basis that, when the molecular weight of the additive and its
concentration increases, solvation power decreases and so does
PPD.20

Performance of theHomo andCopolymers as VII. It is clear
from the VI data, as evaluated in the present investigation
(Tables 16 to 19), that irrespective of the polymer (homo and
copolymer) and nature of the base oil VI values increase with
the increase in additive concentration in the base oils studied.

A critical observation of the VI values indicated that better
performance is obtained for the copolymers of DDA with α-
pinene than copolymers of IDA with α-pinene. It is also noticed
that all copolymers show better VII properties than homopoly-
mers (P1 and P6).
As the temperature is raised, the lube oil viscosity de-

creases; meanwhile the polymer molecule expands due to
the increase in the solvation power and the increased size of
the micelle. This increase in micelle size counterbalances
the reduction of the viscosity of the lube oil and, hence,
decreases the changes of viscosity with the temperature of
the mixture. The increase in concentration of the polymer
leads to an increase in the total volume of polymer micelles in
the oil solution, thus exerting greater thickening effect and so
as to VI.5

Analysis of Biodegradability Test Results.Tables 20 and 21
present biodegradability test results obtained by using the disk
diffusion method and the soil burial test method. The copolymer
ofα-pinene with IDA showed significant biodegradability against
the fungal pathogen, A. alernata. The result of soil burial test also
indicated the similar extent of biodegradability. It was further
confirmed by the shift of IR frequency of the ester carbonyl after

Table 17. VI Values of the Additive (P-6 to P-10) Doped Base
Oil (BO1)

conc. of the additive in ppm ( 3 10
3)

VI in the presence of

P-6 P-7 P-8 P-9 P-10

6 105 122 113 109 102

5 102 117 112 106 99

4 100 114 110 100 97

3 95 109 107 98 94

2 94 103 101 96 92

1 92 98 95 95 91

0 85 85 85 85 85

Table 18. VI Values of the Additive (P-1 to P-5) Doped Base
Oil (BO2)

conc. of the additive in ppm ( 3 10
3)

VI in the presence of

P-1 P-2 P-3 P-4 P-5

6 104 112 94 102 95

5 102 104 92 98 95

4 100 99 91 88 90

3 97 94 86 86 85

2 93 87 83 81 79

1 90 85 79 77 76

0 80 80 80 80 80

Table 16. VI Values of the Additive (P-1 to P-5) Doped Base
Oil (BO1)

conc. of the additive in ppm ( 3 10
3)

VI in the presence of

P-1 P-2 P-3 P-4 P-5

6 109 132 126 132 137

5 106 125 121 125 130

4 103 122 120 119 122

3 100 120 119 116 113

2 98 110 112 109 107

1 95 105 101 99 95

0 85 85 85 85 85

Table 19. VI Values of the Additive (P-6 to P-10) Doped Base
Oil (BO2)

conc. of the additive in ppm ( 3 10
3)

VI in the presence of

P-6 P-7 P-8 P-9 P-10

6 105 109 102 99 96

5 102 106 99 94 91

4 100 101 94 89 88

3 95 95 90 86 85

2 94 90 87 82 80

1 92 85 83 80 78

0 80 80 80 80 80

Table 20. Result of Biodegradability Test by (i) the Disc
Diffusion Method and (ii) Soil Burial Degradationa

Disc Diffusion Method

pathogen used

weight loss (g) in the presence of

P-1 P-2 P-3P P-4 P-5

CC 0 0 0 0 0

FE 0 0 0 0 0

AA 0 0.17 0.22 0.20 0.26

CG 0 0 0 0 0

CE 0 0 0 0 0

Soil Burial Degradation Test

weight loss (g) in the presence of

P-1 P-2 P-3 P-4 P-5

0 0.08 0.07 0.08 0.09
aCC, FE, AA, CG, and CE are the pathogens named Calletotricheme
camellia (CC), Fussarium equisitae (FE), Alterneria alternata (AA),
Colletrichum gleosproides (CG), and Curvularia eragrostidies (CE) for
polymeric additives (P-1 to P-5).
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the test is over. The copolymer of α-pinene with dodecylacrylate
also shows biodegradability but to a smaller extent.

’CONCLUSIONS

A consideration of the chemical structures of DDA and IDA
may be taken into consideration to explain the differences of
performance between DDA- and IDA-made homopolymers and
their respective copolymers. The thermal stability of the copo-
lymers is always greater than the corresponding homopolymers,
and the copolymers of α-pinene with DDA are thermally more
stable than that of IDA. Both the intrinsic viscosity and the
viscometric molecular weight of the copolymers decreases with
an increase in α-pinene concentration in the feed of the
copolymers. The pour point of the samples is found to be better
for the copolymers of α-pinene with DDA than the copolymers
ofα-pinene with IDA, and the values decrease with the increasing
concentration of the polymer-doped base oil. VI values are in
accordance with the molecular weight of the polymer samples.
The greater the molecular weight is, the greater the VI is. With
increasing concentration of the additive-doped oil solution, the
VI is found to increase. The copolymer of α-pinene with IDA
showed significant biodegradability against the fungal pathogen,
A. alernata. The copolymer ofα-pinene with dodecylacrylate also
shows biodegradability but to a smaller extent.
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aCC, FE, AA, CG, and CE are the pathogens named Calletotricheme
camellia (CC), Fussarium equisitae (FE), Alterneria alternata (AA),
Colletrichum gleosproides (CG), and Curvularia eragrostidies (CE) for
polymeric additives (P-6 to P-10).


