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Aging of polymer in diesel and biodiesel blended fuels 

Master of Science Thesis in the Master’s Programme Innovative and Sustainable 

Chemical Engineering 

KALIM ULLAH 

Department of Chemical and Biological Engineering 

Chalmers University of Technology 

 

ABSTRACT 

As access to oil-derived fuels decreases, it increases the need to find new alternative 

fuels. Biodiesel is one of the promising fuels, having several advantages compared 

with fossil fuels. Biodiesel is an alkyl ester of long chain fatty acids derived from 

vegetable oil by trans-esterification reaction. Rapeseed methyl ester, RME, is one 

popular biodiesel in Europe. Biodiesel is very aggressive in nature as it readily 

oxidizes, producing highly acidic constituents which degrade polymers, soften rubber 

materials and corrode metal over time.  It is miscible with petro-diesel in any key; one 

way of decreasing its aggressiveness is to make a blend with petro-diesel.  

The project work is performed in two parts, the main objective of first part to find out 

preeminent level of biodiesel in petro diesel which follows the ASTM specifications. 

To achieve the desired level, various blends of fuel (B10, B20 and B30) are thermally 

aged for 100 hours at 85 
0
C. Various products of the fuel are characterized by 

analysing acid number, hydro peroxide number and water contents. The effect of 

antioxidants is also investigated by using two types of RME, one with 1.6 hour and 

the other with 9 hour stability. It is concluded that fuel B10 follow the ASTM 

specifications without adding any antioxidants. B20 is less oxidized than B30 with 1.6 

hour stable RME and can be used in car engines by adding antioxidants or creating 

inert system (oxygen-free environment). 

In the second part, the fuels are aged in “nearly car-like environment” i.e. with 

polymeric material using same conditions of time and temperature. Objective of this 

part is to see how the polymer affects the fuel and further to inspect the polymer 

compatibility in the fuel. POM (Polyoxymethylene) is the polymeric material chosen 

which is also used in car parts. Four different schemes (open & nitrogen system with 

and without antioxidants) are created. There is no change observed in the fuel when 

aged in the presence of polymer. The polymer is then further aged for 1600 hours 

changing the fuel each week (after 100 hours) and taking the sample after 400 hours. 

The change in chemical structure-using IR spectroscope and scanning electron 

microscope, material swelling, penetration of fuel inside the polymer and residue on 

the polymer surface are analysed at each aging time. 

No significant changes are observed at entire aging period while using the inert 

system. The amount of residue observed more in open system and furthermore these 

residues are polymerized on the polymer surface after 1200 and 1600 hours of aging. 

The material is swelled more in 1.6 hour stable fuel than 9 hour fuel. The appearance 

of cracks on the polymer surface using open system significantly lessens its strength 

(almost 35 % increase in fragility), which is substantiated by charpy impact test. 
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Notations 

Terminology 

 

RME   Rapeseed Methyl Ester, Biodiesel 

MK1   Miljöklass 1, Swedish environmental class 1 diesel 

POM   Polyoxymethylene  

PY   Pyrogallol 

GA   Gallic acid 

BHA   Butylated hydroxyanisol 

BHT   Butylated hydroxyl toluene 

TBHQ   t- Butyl hydroquinone  

 

 

 

Specifications 

1.6 hr fuel  1.6 hour stable RME 

9 hr fuel  9 hour stable RME 

B10   10% biodiesel and 90 % petro-diesel 

B20, B30  20% and 30% biodiesel mix with petrodiesel 
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1 Introduction 

 

1.1 Background  

The humankind is increasingly approach towards high energy crisis, on account of 

greater energy consumption than its supply. The demand is increasing further because 

of the world becoming more developed in new technologies. Plentiful and economical 

energy is the lifeblood of current nation. The world presently meets the energy 

requirements majorly from fossil fuels. These fuels include liquid fuel mostly 

petroleum based, solid fuel (coal) and natural gas. Liquid fuel predominantly remains 

the leading source of energy, which is expected to contribute the energy need for 

limited duration. The transition to alternative energy resources is required due to the 

fact that fossil fuel reservoirs are diminishing and trend in cost is rising. The 

environmental consequences from exhaust emission have further speed up the switch 

to alternative renewable fuels. 

Biofuels, fuels derived from biomass have been gaining the attention as of highly 

renewable, biodegradable and locally available. Biomass liquid fuels are Bio alcohols; 

ethanol is the most common, Biodiesel; obtained from vegetable oil or animal fats and 

Bio crude; synthetic oil. Biofuels are carbon-neutral, nontoxic and reduce emission of 

volatile organic compounds. These fuels are not only green in nature but also help to 

reduce dependence on imported oil. 

 

1.2 Objective and scope 

Along with numerous advantages, biofuels have some negative aspects. This project 

work is concerned with biodiesel, which is surrounded by negative sentiment. Pure 

biodiesel and blend above B20 causes degradation of elastomers soften rubber 

material and corrode metals over time. Understanding the compatibility between 

polymer material and conventional diesel is long-established; however less 

information is available about the interaction with biodiesel. Polymer POM 

(Polyoxymethylene), the most essential part in car components is highly compatible 

with petro diesel. However it is necessary to look over its compatibility with biodiesel 

blended fuels, as inspected in this work using blend B20. 
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2 Literature review 

 

2.1 Vegetable oil 

Crude vegetable oil is mostly (about 95%) composed of triglyceride and some free 

acids like monoglycerides and diglycerides [1]. Triglyceride contains long chain-acids 

generally called fatty acids; the structure is given in Figure 2.1. These long chains are 

unbranched, containing 16 to 18 carbons which have similar properties to petro diesel 

like cetane number, a dimensionless number which indicate fuel ignition quality. 

These long chains of hydrocarbon in similar properties make a substitute of diesel 

fuel. 

O

O

R1

O

O

R2

O

O

H

H

H

H

H

R3

       Triglyceride  

Figure 2.1 Triglyceride. 

 

There are mainly five types of carbon chain of each fatty acid moiety in the oil 

derived from soybean or animals fats. It is designated by two numbers; the first 

number shows the number of carbon while the second number shows the number of 

double bonds. These fatty acid chains are given below in more detail [2]. 

 

Palmitic: R= (CH2)14-CH3. It is designated as (16:0). The number of carbons is 16 

(including the one where R is attached to) and no double bonds.  

Stearic: R= (CH2)16-CH3. It is also fully saturated; the numbers of carbons is 18 and 

designated as (18:0). 

Oleic: R= (CH2)7CH=CH (CH2)7CH3. It is unsaturated; the number of carbons is 18 

with 1 double bond, and designated as (18:1). 

Linoleic: R= (CH2)7CH=CH-CH2-CH=CH (CH2)4CH3. The number of carbons is 18 

with two double bonds and designated as (18:2). 

Linolenic: R= (CH2)7CH=CH-CH2-CH=CH-CH2-CH=CH-CH2-CH3. It is highly 

unsaturated with 18 carbons having three double bonds, designated as (18:3). 

 

Vegetable oil can be used directly in diesel engine, but it needs high modification in 

engine. The problem is caused by high viscosity of vegetable oil. The high viscosity 

restricts the flow of oil through the fuel line, causes problem in fuel injection and 

form some deposits [3]. To avoid the operational problems and to make possible their 
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use like diesel, the oil needs to be modified to low viscosity.  Four methods are 

generally used to decrease its viscosity, these are: to make their blend with 

petrodiesel, microemulsification, hydrogenation, pyrolysis, and trans-esterification 

[4]. The most common method used is the trans-esterification, which produce alkyl 

ester (having low viscosity) from vegetable oil.  

It is important to realize that the fatty acids moiety in vegetable oil/ Alkyl ester has 

different melting point than corresponding esterified fatty acids like methyl ester of 

fatty acid (melting point of oleic acid is 16 
0
C, while the corresponding methyl oleate 

is -20 
0
C ). So the presence of free fatty acid in oil can change its physical and 

chemical properties.  

 As the vegetable oil is a mixture of different form of fatty acids, each fatty acid has 

different physical and chemical properties because of different number of carbon and 

double bond. So if the mixture contains high amount palmitic acid or methyl palmitate 

will have different melting point than the mixture concentrated in methyl linoleate.  

The chemical formula and melting point of each fatty acids and their corresponding 

ester are shown in Table 2.1[2]. 

 

Table 2.1 Characteristics of common fatty acids and their methyl ester 

Fatty acid 

Methyl ester 
Common acronym Formula 

Melting point 

[
0
C] 

Palmitic acid 

Methyl palmitate 

C 16:0 

C17:0 

C16H32O2 

C17H34O2 

63-64 

30.5 

Stearic acid 

Methyl stearate 

C 18:0 

C19:0 

C18H36O2 

C19H38O2 

70 

39 

Oleic acid 

Methyl oleate 

C18:1 

C19:1 

C18H34O2 

C19H36O2 

16 

-20 

Linoleic acid 

Methyl linoleate 

C18:2 

C19:2 

C18H32O2 

C19H34O2 

-5 

-35 

Linolenic acid 

Methyl linolenate 

C18:3 

C19:3 

C18H30O2 

C19H32O2 

-11 

-52/-57 

 

2.2 Basics of biodiesel 

2.2.1 Biodiesel 

Biodiesel is a substitute of fossil fuel for diesel engine and defined as: a fuel 

comprised of mono-alkyl ester of long chain fatty acids derived from vegetable oils or 

animal fats [5].Biodiesel, also known as “mono-alkyl ester” is the product of the 

reaction of alcohol, such as methanol or ethanol with oil or fats (triglyceride) by trans-

esterification reaction. It is designated as B100 and the chemical structure is given 

below. 
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R

O

O R1  

R is methyl or ethyl from methanol and ethanol respectively, used in the reactant. R1 

is a long chain of fatty acids having 16 to 18 carbons.  The long unbranched 

hydrocarbon chain of fatty acid methyl ester similar to long-chain of petro-diesel 

makes it an alternative diesel fuel [2]. 

 

2.2.2 Trans-esterification 

Tranesterfication is the equilibrium organic reaction, which involves the 

transformation of an ester in to another by substitution of alkoxy moiety. The original 

ester is reacted with alcohol in the presence of catalyst (strong acid or base); the 

reaction is also called alcoholysis.   This reaction involves the conversion of 

triglyceride to diglycerides, the diglycerides then converted in monoglycerides, the 

reaction further followed by conversion to glycerol. Each of these three consecutive 

steps produces mono-alkyl (methyl in case of methanol) esters. The reaction 

consumes three moles of methanol for every one mole of triglyceride.  In order to 

precede the reaction to maximum completion, 100 % excess of methanol i.e. 6 moles 

is used. The excess of alcohol increases the yield of alky ester and also make its 

separation easy from glycerol.  Three mole of alkyl ester is produced when 

triglyceride converts to glycerol. 

 

 

 

To increase the reaction rate, alkaline or acidic based catalyst is used. Alkaline 

catalyst is more favoured for industrial production, because it has more advantages 

over acidic catalysts. Basic catalyst is less corrosive, high reactive (more rapid 

reaction) and less time to complete the conversion. Acidic catalyst mostly sulphuric 

acid requires 3 hours and more than 100 
0
C to complete the reaction [6]. 
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2.2.3 Reaction mechanism 

The reaction converts one ester to another by replacing alkoxy moiety from methanol 

to triglyceride. The reaction catalysed with alkaline medium like sodium or potassium 

hydroxide is described in this mechanism. The first step produces alkoxide (R-O 
- 

) 

and protanated catalyst from methanol by reacting with base (NaOH or KOH). In the 

second step alkoxide attack on triglyceride which produce anion of diglyceride and 

alkyl ester (methyl ester). Diglyceride anion regenerates the catalyst and diglyceride, 

(intermediate product of the reaction) is produced by taking proton from protanated 

catalyst. 

 

Figure 2.2 Reaction mechanisms. 

 

The regenerated catalyst work by the same mechanism as explained in the steps 

above, convert diglyceride to monoglyceride, then produce mono alkyl ester from 

monoglyceride [6]. 

 

2.2.4 Selection of alcohol for the reaction 

The alcohol used in the trans-esterification reaction can be methanol, ethanol or 

butanol. Methanol is more preferred because of least expensive alcohol. The higher 

alcohol requires high temperature i.e. 75 
0
C and 114 

0
C for ethanol and butanol 

respectively, it also promote higher soap and gel formation and make problem in 

phase separation from glycerol. Methanol rapidly reacts with triglyceride and 

dissolves easily in base catalyst.  It has lower flash point of 8 
0
C and toxic which have 

need of safe handling [2][4][7].  
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2.3 Biodiesel oxidation 

Vegetable oil (Triglyceride) is a mixture of different fatty acids which are explained 

earlier in detail. The trans-esterification reaction does not change the fatty acid 

profile, so the fatty acid moiety connected to mono alkyl ester (Biodiesel) are same as 

in parent oil. The fatty acid chains are highly unsaturated which makes it prone to 

oxidation; multiple double bonds present in the chain like in linoleic or linolenic acid 

are more susceptible towards oxidation. The chemical nature of the fuel is changed 

with oxidation which produces hydropeoxides, which in turn produce short fatty acids 

chain and aldehydes. The acid value is increased due to oxidation as of highly acid 

formation which causes corrosion of metals. The hydroperoxides can also polymerize 

to produce gums and sediments which plug the fuel filter and make deposits on fuel 

system, and also very destructive to elastomers [3]. The olefinic unsaturated fatty acid 

present in alkyl ester occurs in methylene-interrupted configuration. The structure 

given in Figure 2.3 is for linolinic acid, having three double bonds.  The rate of 

oxidation increases with increasing number of double bonds; the relative oxidation 

rate for methyl oleate, linoleate and linolenate is 1:12:25 [8]. 

 

O

OH

        methylene - interrupted
 

Figure 2.3. 

 

2.4 Oxidation mechanisms 

2.4.1 Primary oxidation 

Primary oxidation occurs in series by a set of free radical reactions characterized as 

initiation, propagation and termination. 

Initiation  RH + I → R
.
 + IH   (2.5) 

Propagation  R
.
  + O2 → ROO

.
   (2.6) 

ROO
.
 + RH →ROOH+ R

.
  (2.7) 

Termination  R
.
+ R

.
 → R-R    (2.8) 

ROO
.  

+ ROO
.
 → Stable product (2.9) 

 

The first step leads to abstraction of hydrogen from carbon atom to produce free 

radical. The initiator involve in the first step is produced by photoxidation or existing 

hydroperoxide can be decompose to give free radical [9].  Oxygen present in the 

vicinity, reacted with free radical (alylic radical), generating a peroxy radical. This 

step is much faster as to not allow any alternative for the free radical, produced in first 

step. The peroxy radical abstracts hydrogen from another carbon which produces 
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hydroperoxide and additional carbon free radical. The process thus works in cycle 

producing more and more hydroperoxide. The last step is the termination, which 

prevent further oxidation. The reaction is either terminated when the two radicals 

combine or antioxidant is used to form a stable product. Initially hydroperoxides 

(ROOH) concentration is very low; until a period of time called induction period is 

reached. It is the time which determines the oxygen stability of biodiesel. Later on 

when the induction period attains, the hydroperoxides concentration increases. 

The oxidation mechanism explained above involves hydrogen abstraction in the first 

two steps, which create free radicals and oxidation is caused. The fatty oil is olefinic 

unsaturated which involve allylic carbon (CH2=CH-C*) in their chain. The adjacent 

olefin group contain pi electron which impart resonance stability to the molecule. This 

is the reason, hydrogen attach to allylic carbon is easily removed. The presence of two 

double bonds (CH2=CH-CH2*-CH=CH2), which delocalize the allylic carbon over 

five carbon are more prone to hydrogen abstraction [10]. 

The initiation step can also occur if hydroxyl ion (OH
.
) is present, which attack on 

allylic carbon to abstract the hydrogen. The hydrogen removed by this mechanism 

produce water and hydrocarbon free radical. The free radical generated work on the 

same way as explained earlier. This is one indication that water may possibly produce 

during oxidation. This mechanism given below is explained for lipid oxidation [11]. 

 

 

 

2.4.2 Secondary oxidation 

The hydro peroxides formed during primary oxidation, are very reactive and 

decompose easily to form alkoxy and hydroxyl radicals, which further initiate primary 

oxidation. Presence of some metal ions like Cu
2+ 

/ Fe
3+

 catalyzes the process more [9]. 

Decomposition of hydroperoxides leads to the formation aldehydes (such as hexanals 

and heptanals), alcohols and shorter fatty acid chain like formic acid, which results in 

high acid value. It also causes to polymerize the chain by oxidative linking of fatty 

acid called oxidative polymerization, to form high molecular weight species. The 

polymerization products increase the biodiesel viscosity which makes it unable to use 

as a fuel, i.e. thrashing the gain of trans-esterification. 

 

2.5 Antioxidant 

Antioxidants are the type of chemicals use to inhibit oxidation of biodiesel to increase 

its stability. The addition of antioxidants does not affect the fuel quality, i.e. the 
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viscosity, density remains same, and no filter plugging is observed, except acid value 

which is slightly increased [8].  The most common antioxidants are phenolic types 

which are given in the Figure 2.4.     

 

 

 

  

 

 

OH

OHOH

O

OH

Gallic Acid (GA)  

 

 

OH

OHOH

O

OC
3
H

7

Propyl Gallate (PG)
 

 

 

OH
t-BU

O CH
3

Butylated hydroxyanisole

(BHA)  

 

 

 

      

OH
t-BUt-BU

CH
3

Butylated hydroxytoluene

(BHT)  

 

 

OH

t-BU

OH

t-Butyl hydroquinone

(TBHQ)  

Figure 2.4 Antioxidants 

 

2.5.1 Mechanism and relative effectiveness 

Antioxidants contain highly labile hydrogen which can easily abstracted by peroxy 

radical as compared to hydrogen abstracted from fatty oil /ester chain. The antioxidant 

free radical thus formed is either stable or combine to form a stable product. The 

general mechanism by which the antioxidants work is given in the fig below. 

 

ROO
.
 + AH → ROOH + A

.   (2.11) 

A
.
 → stable product    (2.12) 

The phenolic antioxidant contains active hydroxyl group which easily liberate 

hydrogen to combine with the free radicals thus lessen the oxidation rate. These 

antioxidants contain benzene ring and have different functional group at ortho-, meta- 

OH

OHOH

Pyrogallol (PY)
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and pera- position, illustrating different effectiveness from each other. Effectiveness 

of these antioxidants in decreasing order is shown below. Hydrogen is easily 

abstracted from Pyrogallol (PY), Gallic acid (GA) and propyl Gallate (PG), as of 

having three active hydroxyl groups in their ring. These three types of antioxidants are 

more effective than the rest. The carboxyl group at pera position of PG makes it less 

effective as compared to PY. BHA and BHT contains mono-hydroxyl group shows 

less effectiveness, the two tertiary butyl (t-Bu) in BHT is the reason of less effective 

as compare to BHA. The hydroxyl at pera position of TBHQ is less electron with 

drawing than –CH3 and O-CH3 in BHT and BHA respectively [12]. 

 

2.5.2 Effectiveness decreasing order 

PY > GA > PG > BHA > BHT > TBHQ 

 

2.6 Water contents 

Water can be present in biodiesel, the most housekeeping issue for fuel; it could 

present in dissolved form or suspended droplets. The water might produce in the 

initiation step of oxidation if the initiator is hydroxyl ion (OH
.
) as explained earlier in 

biodiesel oxidation. The presence of methanol in the fuel can also make possible its 

production. As the oxidized biodiesel already contain free fatty acids which can react 

with methanol to form water and ester, the reaction is given below. Biodiesel contain 

more water contents than petrodiesel, the ASTM standard for water content is 500 

ppm. The presence of water is highly problematic; it can corrode the fuel injection 

system and can also support the microbial growth [4]. Biodiesel has high capacity of 

moisture absorption (15 to 25 times higher) than petro-diesel, the maximum 

absorption observed is from 1000 to 1700 ppm [13]. 

 

R-CO-OH + CH3OH      →     R-CO-O-CH3 + H2O       (2.13) 

FFA  alcohol         ester       water 

 

2.7 Swedish Environmental Classification of Diesel fuel 

The engine technology has larger impacts on several emissions like particulate, sulfur, 

lead and some aromatics. The worldwide focus on local and regional emissions 

initiated from 1970. Later on the Sweden become the top leading country in Europe 

on emission regulation connected to automobile fuels. The Swedish Environmental 

Protection Agency regulations have reduced the emissions from new engines by 

implementing some tougher regulations. The old vehicles had to take more time on 

emission control; as a result the diesel fuel is classified in to different classes in 1991. 

These classes are MK3, MK2, and MK1, which drastically improved the emission in 

all vehicles old and new. MK3 has similar requirements as the European standard 

diesel EN 590. MK2 has some strict requirements for some oil refineries to produce 

fuels with minor upgrades. Whereas the MK1 has more significant results as required 

large upgrade of fuel for all refineries [14].   
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2.7.1 Swedish environmental class 1 diesel (MK1) 

The MK1 diesel substantially reduced both the regulated and unregulated emissions. 

It has more benefits on control emissions of sulfur, aromatics, NOx and PAH. The 

MK1 diesel has less viscosity, less density, lower distillation curve and high cetane 

number. The lesser density decreases the high boiling components and increases the 

energy contents. High cetane number not only increases the fuel ignition quality but 

also reduces NOx emissions. When MK1 diesel came into view in 1991, it was the 

cleanest fuel in the world; afterward the European diesel gets ahead and reached some 

specifications near to MK1. Still there is some difference (MK1 is greener than EU 

diesel) in comparison of both these fuels. The diesel fuel sold today in Sweden is of 

MK1 quality, the main specifications are given in the table below [14].  

 

Table 2.2 Specifications of Swedish environmental class 1 diesel 

Fuel property MK1, 2010 (SS 155435) Analyzing method 

Specifications Unit 

Cetane number ≥ 51 - ISO 5165 

Desity at 15 
0
C 800 – 830 Kg/m

3
 ISO 5165,  ISO 4264 

Sulfur  ≤ 10   mg/kg SS 15 51 16 

Aromatics ≤ 5 Vol % ISO 3675, ISO 12185 

PAH ≤ 0.02  Vol % SS 15 51 16 

Viscosity at 40 
0
C 1.4 – 4 cSt ISO 3104 

FAME 5 Vol % EN 14078 

 

2.8 Polyoxymethylene (POM) 

POM is an engineering thermoplastic derived from formaldehyde; consist of repeating 

carbon-oxygen linkage therefore also known as polyacetal. It is highly crystalline with 

linear shape which gives it high rigidity, more stiffness and good chemical resistance. 

Along with many other applications, it is used to replace metal as of low weight, 

corrosion resistance, ease of fabrication, low coefficient of friction, and resistance to 

fatigue [15]. It is available both as a homopolymer and copolymer. The polymer 

analyzed in this work is POM-copolymer of trade name Hostaform.  

 

2.8.1 Homopolymer 

The homopolymer consists of repeated unit of (-CH2O-), and produced by 

polycondensation of aqueous solutions of formaldehyde. A very high molecular 

weight polymer is obtained by cationic or anionic polymerization of formaldehyde 

[16]. It has high tensile strength, greater surface hardness and more resistance to 

organic solvents. It is not degraded in water but can swell if kept for longer time at 

high temperature. The resistance to inorganic solvent is however not so excellent, 

which makes it less usable in strong acids, strong alkalis or oxidizing agents [15].  
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Homopolymer POM has high tendency to depolymerize liberating formaldehyde 

monomers. This propensity is more found in hydroxyl end groups polymer. One way 

to reduce the depolymerization reaction is to capping the end groups with ester or 

ether group and the other way is to co polymerize the formaldehyde with cyclic ether 

to make a copolymer POM [17]. The hompolymer structure is given below. 

[-CH2O-CH2O- CH2O- CH2O- CH2O- CH2O-] 

POM Homopolymer 

 

2.8.2 Copolymer 

The copolymer, in addition consists of randomly distributed comonomer (CH2-CH2) 

unit with repeated -CH2O- units. It is produced by cationic polymerization of trioxane 

with cyclic ether such as ethylene oxide or 1, 3 dioxalane. This polymer offer great 

stability towards alkalis, hot water and other chemical as a result carbon-carbon bond 

in its polymer chain. The copolymer POM can also degrade like homopolymer, but in 

lesser extent as the comonomer unit holds back the unzipping of whole chain. As soon 

as the depolymerization of polymer starts, the c-c bond in the chain is accountable to 

stop the reaction [18].   

The thermal and chemical stability depends more on the end groups. The diols end 

group is thermally unstable as compared to diacetates end group. The thermal stability 

is increased further with dimethyl ether-ending group, which in addition increases the 

stability to alkali [16]. The structure of copolymer POM is given below. 

[-O-CH2-O-CH2-O- CH2- CH2-O- CH2-O- CH2-] 

POM copolymer 

The copolymer POM is further differentiated on its good physical properties like high 

toughness, more hardness, high rigidity, and excellent resistance to chemicals, e.g. to 

solvents, strong alkalis and fuels. The polymer is resistive to both petrol and diesel 

and even to fuels containing 15 to 20 % methanol. Though it is used in fuel system-

components like fuel pump, consequently raise the importance to recognize its 

compatibility with fuel. One changing property is the degree of swelling while 

immersed in fuels for longer time. The swelling in petrol depends on immersion time 

but observed less than in mix with methanol. The absorption level does not increase 

than 2 % when immerse in 85:15 % petrol/methanol mixture [19]. 

 

2.9 Ageing of the copolymer (POM) 

2.9.1 Autoxidation 

The copolymerization and capping the end groups with ester or ethers stops the 

depolymerization reaction. But the polymer is still susceptible to oxidation as the 

adjacent oxygen atoms in the chain act a labializing effect on methylenic hydrogen, 

which makes it more susceptible to a free radical formation and subsequently 

oxidation take place. The mechanism of the oxidation reaction can be explained in 

three steps, the first step is chain initiation step, then chain propagation and finally 

chain termination. These steps are explained below with the corresponding reactions 

involved [17].  
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2.9.2 Chain initiation 

This step generates free radicals by liberating hydrogen from the chain. These radicals 

formation is either due to action of heat or mechanical stress combined with heat. 

Moreover the presence of oxygen in the environment is also a source of free radical 

formation.  

PH   →   P
. 
+ H

.   (2.14) 

PH + O2    →   P
. + HO

.
2  (2.15) 

 

2.9.3 Chain propagation 

The free radicals thus formed are easily attacked by oxygen present in the 

environment, which in turn form free radicals and sequentially produce 

hydroperoxides. The free radicals again initiate the first step and the process continues 

as long as the oxygen is available.   

P
.
 + O2       →    PO2

.   (2.16) 

PO2

.
 + PH → POOH + P

.  (2.17) 

 

2.9.4 Chain termination 

As the amount of oxygen in the vicinity decreases, the reactions are then stopped by 

reacting the free radicals and form stable products. These stable products can raise the 

molecular weight of the polymer and also give raise to gel formation.  

PO2
. 
+ PO2

. 
→ POOP +O2  (2.18) 

P
. 
+ PO2

. 
→ POOP   (2.19) 

P
. 
+P

. → P-P    (2.20) 
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3 Experimental work 

3.1 Biodiesel blends 

Biodiesel blend is a mix of biodiesel in petro diesel; it is represented by “B” followed 

by a number which shows the percentage of biodiesel in the fuel. Different blends i.e. 

B2 to B30 can be made, blends higher than B20 may be problematic and may need 

engine modification; the main purpose of this work is to investigate some of the 

problems. B2 means 2% of biodiesel in the fuel; it can be made by mixing 2ml of 

biodiesel in 98 ml of petro diesel to make 1 liter of blend. Three blends (B10, B20, 

and B30) are used in this project work. Swedish environmental class 1 diesel (MK1) 

is used as a petro diesel and rapeseed methyl ester (RME) is a biodiesel. The various 

blends made are given in the Table 3.1. 

 

Table 3.1 Biodiesel Blends 

Test liquids MK1 (L) RME (L) Total volume (L) 

B10 2.25 0.25 2.50 

B20 2.00 0.50 2.50 

B30 1.75 0.75 2.50 

 

3.2 Part first-Aging of fuel without polymer 

In the first part of this thesis work, these blends are thermally aged at 85 
0
C for 100 

hours without polymer. The samples are taken after six and eighteen hours, in that 

way the total aging time became around 5 days (100 hours). These blends are made of 

using two types RME, one with 1.6 hour stability and the other is 9 hour stable. The 

stability temperature of the RME is 110 
0
C. The experimental setup is made both with 

open and N2 system.  

The properties measured for fuel are:  

1. Acid number 

2. Hydro peroxide number 

3. Water contents 

 

3.3 Analysis of fuel 

3.3.1 Acid Number 

This analysis is carried out with ASTM D 974-08 Standard Test Method for Acid and 

Base Number by Color-Indicator Titration. 

Definitions: The amount of hydroperoxide required in milligram per gram of the 

sample to neutralize the acid constituents present.  
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Reagents:   

Methyl Orange Indicator Solution– 0.1 gram of methyl orange is dissolved in 100 

ml of water. 

Potassium Hydroxide Solution 0.1 M– 6 gram of KOH is added to approximately 1 

L of anhydrous isopropyl alcohol in a 2-L conical flask. The mixture is boiled for 10 

to 15 minutes with stirring to prevent the formation of solid cake on the bottom. 0.2 g 

of Barium hydroxide (Ba(OH)2) is added, and again the mixture is boiled for 10 to 15 

min. The solution is then filtered through porcelain filtering funnel.   

Titration Solvent– it is prepared by mixing toluene, water and anhydrous isopropyl 

alcohol in ratio 100: 1: 99. 

Procedure and calculation: 

A weight quantity of sample is taken in conical flask, 100 ml of titration solvent and 

0.5 ml of indicator is added, the solution is continuously swirled to dissolve the 

solvent in the sample. Yellow-orange color appeared which is titrated with 0.1 M 

KOH solution at room temperature. The solution is vigorously shaken until green-

brown color appeared which indicates the end point.  

Acid number is calculated as follows: 

Acid number in mg of KOH/g = [(A-B) M × 56.1]/W 

A = KOH used in ml to titrate the solution, 

B = KOH required in ml to titrate the blank, 

“M” is the molarity of KOH solution and “W” is the weight of sample. 

 

3.3.2 Hydroperoxide Number 

This analysis is carried out with ASTM D 3703-07, Standard Test Method for 

Hydroperoxide Number of Aviation Turbine Fuels, Gasoline and Diesel Fuels. 

Hydroperoxide number- it measures the oxidizing constituents present in the sample, 

expressed in mg/kg. The higher the number more is the fuel oxidized, more the 

quality become worst. The hydroperoxides have damaging effect on fuel system like 

fuel tank and pump made of polymer.  

Reagents: 

Acetic Acid Solution- 4 ml of concentrated hydrochloric acid is mixed with 996 ml 

of glacial acetic acid. 

Potassium Dichromate Solution, 0.1N- when 2.452 gram of dried potassium 

hydroxide is diluted in 500 ml of water, 0.1 N solution will obtained. 0.01N solution 

is attained by diluting 100 ml of 0.1 N in 100 ml of water.  

Potassium iodide solution- 120 g of potassium iodide (KI) is dissolved in 100 ml of 

water. If blue color develops can be discharged by using 0.005N Na2S2O3  

Sodium Thiosulfate solution, 0.1 N- 12.5 g of sodium thiosulfate (Na2S2O3.5H2O) 

and 0.1 g of sodium carbonate (Na2CO3) is dissolved in 500 ml of water. The solution 

is stand for a weak or more before using. The 0.005 N solutions is obtained by 
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diluting the 0.1 N to twenty fold in distilled water; it is obtained by adding 100 ml of 

0.1 N solutions with water to 2000 ml.    

Starch solution- A paste of 6 g of arrowroot starch is made in cold water, then poured 

into 1 L of boiling water. 20 g of potassium hydroxide is mixed; the solution is 

allowed to stand for 1 hour. 6 ml of glacial acetic acid is added, the solution is then 

adjusted to pH of 4 by adding sufficient HCl.    

Procedure and calculations: 

A weight quantity of sample is taken in conical flask of 500 ml capacity, which was 

flushed with nitrogen before putting the sample. 25 ml of 2,2,4- trimethylpentane is 

added and vigorous flow of nitrogen is passed, then 20 ml of acetic is added and the 

flow of gas is reduced. 2 ml of KI solution is mixed shaking for at least 30 sec, the 

reaction is completed by setting the flask aside for 5 min. The flow of gas is stopped 

after adding 100 ml of distilled water. 5 ml of starch solution is added and the whole 

solution is titrated with 0.005 N Na2SO3 until the blue color disappeared.  

Peroxide number is calculated as follows: 

Hydroperoxide number, mg/kg = [(A-B) × N × 1000 × 8]/S 

A = ml of Na2SO3 solution used to titrate the sample, 

B = ml of Na2SO3 required for the titration of blank,  

S = weight of the sample in gram,  

N is the normality of Na2SO3 solution,  

8 is milliequivalent of hyroperoxide number. 

 

3.3.3 Water Determination  

3.3.3.1 Karl Fisher Titration 

Karl Fischer Titration method is used to determine water contents, even at mico level 

in various products like hydrocarbons, plastics, paints and some other solvents. The 

basic principle in which it works is based on Bunsen reaction which involves the 

reaction of iodine with sulfur dioxide in aqueous medium, shown below. 

SO2 + I2 + 2H2O → H2SO4 + 2HI  (3.1) 

This reaction is used to measure SO2 in aqueous solutions, later on modified for water 

measurement if excess of sulfur dioxide is present and base is added to neutralize the 

solution. In general two methods volumetric and coulometric titration are used for 

water determination. In volumetric method the iodine is dissolved in the sample which 

react with water, the amount of consumed iodine is used to analyze the water 

contents.  

The coulometric titration method is used in this project work; it works on the principle 

that electric current is used to produce Iodine by electrolysis of iodide containing 

regent. The following reactions occur at the cathodes: 

Cathode: I2 + 2e
-
 → 2I

-
  (reduction)    (3.2) 

Anode:  2I
-
 - 2e

-
 → I2  (oxidation)    (3.3) 
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The iodine is generated when iodide ion is oxidized at anode, gives two electrons. The 

iodine is reduced by taking the two electrons, which causes the current to flow as long 

as iodine is present. The current produced is directly proportional to the amount of 

iodine generated by consuming the water. When all the water is consumed, no iodine 

is produced further and the current suddenly falls to zero, and the amount of water is 

determined.  

The main reactions involved are given below:  

ROH +SO2 +R1N → [R1NH]
+
 SO3R

-
      (3.4) 

H2O +I2 + [R1NH]
+
 SO3R

-
 +2 R1N → [R1NH]

+
 SO4R

-
 +2[R1NH]

+
 I

-
 (3.5) 

In the reactions above, R= CH3, R1= C5H5     (3.6) 

Many substances release the water very slowly, or high temperature is needed, which 

makes it unsuitable for direct Karl fisher titration. Some samples are not soluble in 

alcohol which also makes the determination hard. To avoid these problems the sample 

is heated in an oven so called Karl fisher oven. The water is detached from the sample 

at 110 
0
C and measured unconnectedly from it. The water evaporated is carried with a 

dry gas to a titration cell, where it is determined by coulometeric method. As the 

sample does not interact with the reagent, only the water enters the cell, which assists 

to avoid unwanted side reaction to make any byproducts [20]. 

 

3.4 Part second-Aging of fuels in presence of polymer 

In the second part, the fuels are aged in the presence of polymer POM 

(polyoxymethylene), using same conditions of time and temperature (100 hours and 

85 
0
C). Blend B20 is chosen with both types of RME (1.6 and 9 hr stability), and 

using both open and close (inert) system. In this way four different schemes are made, 

given in the Table 3.2. The stability of the system is increasing from scheme 1 to 4, 

i.e. the scheme 1 is the worst and scheme 4 is the best system on stability wise. 

 

Table 3.2 Schemes for fuel aging with polymer 

 Scheme 1 Scheme 2 Scheme 3 Scheme 4 

stability 1.6 hr 9 hr 1.6 hr 9 hr 

system Open system  Open system  N2 system N2 system 

 

The fuel is analyzed by using the same methods as in the first part. The aged fuel in 

the presence of polymer is compared with the fuel-lacking polymer.   

Aging of the diesel and biodiesel blended fuels produce high molecular weight 

products which precipitate down the vessel. These products stick with the polymer 

surface make a glue layer on it, which can be seen with naked eye. As a result, the 

concentration of heavy entity decreases in the fuel, which possibly decrease the 

oxidized and acidic constituents. 
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3.5 Aging of copolymer (POM) 

The copolymer (polyoxymethylene) is aged for 10 weeks (1600 hours) by changing 

the fuel every week. The polymer samples are taken after every 400 hours and the 

analysis are made both before and after washing. The polymer is washed with ethanol 

using ultrasonic bath. 

3.6 Analysis of the polymer   

The properties measured for the polymer are: 

1. IR spectroscopy  

2. SEM and light microscope 

3. Immersion tests  

4. Change in weight 

5. Penetration of fuel inside polymer  

6. Analysis of deposits on polymer surface 

7. Pendulum impact test 

3.6.1 IR spectroscopy 

IR spectroscope is used to study the chemistry of polymer to observe any changes 

occur with aging. The polymer sample is positioned in the path of IR radiation to 

collect spectra from the functional group involved; each species (functional groups) in 

the sample absorbs different IR frequencies. The change in absorption spectra with 

ageing the polymer gives fairly enough information about polymer damage. Fourier 

transform infrared (FTIR) instrument is used for this analysis using 32 scans per 

sample.  

3.6.2 SEM and Light microscope 

The microscopic study is required for envision the polymer surface to see any cracks 

or fractures on the surface. The light microscope can provide plenty of information 

about the surface damage or formation of some sort of materials on the surface. It 

works on the principal of illuminating the polymer sample with light using glass 

lenses, the images are then viewed with computer at different magnifications. The 

polymer first analyzed with light microscope, the SEM (scanning electron 

microscope) then used for more profound study. 

3.6.3 Immersion tests 

The material, POM is more chemically resistant to petrol, diesel and even with 15 to 

20 % mix of methanol in petrol. It is observed that 2 % absorption can take place 

when immersed in fuel (petrol/methanol, 85/15 % mix) at room temperature [19]. 

However the absorption of biodiesel blended fuel is unknown, which is examined in 

this work.  The absorption of the fuel can certainly swell the polymer, which will 

change the volume of the polymer. The material swelling is established by measuring 

the change in volume at different immersion time.  

Mettler Toledo AX 204 balance is used for this analysis. It uses the Archimedes 

principle, first measuring the weight of sample in air and afterward in ethanol. Before 

analyzing the weight and volume, the specimen is washed with ethanol in ultrasonic 

bath and dried at ambient temperature.        
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3.6.4 Penetration of fuel inside polymer  

The copolymer (POM) absorbs certain fuels as mentioned earlier for petrol/methanol 

mix. Absorption of biodiesel blended fuel is studied in this work which can either take 

in from corner or main surface of the polymer. The fuel penetrates inside the polymer 

material up to certain level which is analyzed by cutting the sample in to thin slices of 

45 µm thickness. The thin layers (slices) are made with a cutting machine adjusting 

the blades to go down by 45 µm in depth. The thin segments are analyzed using IR 

spectroscope for fuel existence inside the polymer.    

3.6.5 Analysis of deposits on polymer surface 

Oxidation of the biodiesel fuel produces hydro peroxides which in turn decompose 

and produce low molecular weight substances. Heavy entities are furthermore 

produced by polymerizing the small units. These decomposition and polymerization 

processes develop a thin layer of residue on polymer surface.  The layer developed is 

too thin and hardly detached from the surface, but a soluble solvent dissolve the layer 

which can easily analyzed after separating the solvent. Ethanol and toluene are 

individually used for different samples, no obvious difference found amongst but the 

residues are fairly soluble in both. The residues are separated by vaporizing the 

solvent 30
o
C below its boiling point to avoid any residue-escaping. IR spectroscope 

then used to analyze the chemical nature of residue.  

3.6.6 Pendulum impact test 

This mechanical testing is performed as a culmination result of the whole work to 

perceive how much strength the polymer lost. The impact test is made here to 

determine the fragility of the specimen after aging in fuel (Biodiesel blend, B20). 

Nevertheless the polymer absorbs fuel as mentioned earlier and furthermore the 

polymer also gets in contact with acidic constituents obtained from the fuel oxidation, 

which might change the strength of polymer sample. A charpy impact test machine 

CEAST 6545/000 is used. The tests are conducted by breaking the polymer and 

measuring the energy absorbed by the polymer (work done on the sample). The work 

done gauges in joule are then compared for different aged specimen with the reference 

polymer. The analysis is made at ambient temperature and the sample preparation 

(standard specimen size and notching) is made according to the standard given in 

appendix 6.6. 
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4 Results and discussions 

4.1 Part first- Aging of fuel without polymer 

4.1.1 Acid number 

Sample B-20 (1.6 and 9 hour stability) 

The sample B20 with 1.6 hour stability is more prone to oxidation, the sample acidity 

increases with the aging time as shown in the Figure 4.1. This increase is due to acidic 

constituents produced from hydroperoxides decomposition. After 68 hours of aging 

time in open system at 85 
0
C the acid number increases from ASTM requirements i.e. 

the maximum allowed acid value is 0.8 mg of KOH/g. On the other hand the sample 

with 9 hour stability is more stable; the value didn’t get to 0.1 at entire aging time as 

the temperature kept blow the stable temperature which is 110 
0
C for this sample.  

The same trend then appeared for sample B10 with 1.6 and 9 hour stability, see 

appendix 6.1. 

 

Figure 4.1 Acid number B20 (1.6 & 9 hr) 

 

Table 4.1 Acid number B20 (1.6 and 9)  

Sample B-20 Acid number [mg of KOH/g] 

Time [hours] 1.6 hr stable 9 hr stable 

0 0.085 0.073 

20 0.096 0 

26 0.157 0.06 

44 0.364 0.081 

50 0.425 0.046 

68 0.851 0.089 

74 1.010 0.078 

92 1.522  

100 1.819  
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Sample B10, B20, B30 (1.6 hour stability) 

The Figure 4.2 shows the acidity of three samples B10, B20 and B30 with 1.6 hour 

stability. B20 and B30 are more oxidized, the acidic constituents is increasing more as 

the aging time increases. After 64 hour of contact with air these samples does not 

follow the ASTM standard for acid value (0.8 mg of KOH/ g). Sample B10 is more 

stable as compared with the rest; the value is slightly increasing in the beginning up to 

74 hours, then decreasing at the end of aging time. The value at all the time is far 

below the ASTM standard.  

 

 

Figure 4.2 Acid number B10, B20, and B30 (1.6 hour stability) 

 

Table 4.2 Acid number B10, B20 and B30 (1.6 hr) 

Time [hour] Acid number [mg of KOH/g] 

 B-10 B-20 B-30 

0 0,0175 0,085 0,1036 

20 0,0712 0,0967 0,1672 

26 0,1124 0,1571 0,2354 

44 0, 2341 0, 3649 0,4277 

50 0, 3030 0, 4756 0,5491 

68 0, 4456 0, 8516 0,955 

74 0, 5305 0,010 1,0836 

92 0, 4753 1,522 1,663 

100 0, 5919 1, 8196 1,922 
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4.1.2 Unstable behavior of Sample B20 

Sample B20 (9 hour - open system) 

The Figure 4.3 shows the instability behavior of sample B20 with 9 hour stability. 

This sample is stable at 110 
0
C as explained earlier. From time t=0 to 74 hours the 

aging temperature is 85 
0
C. The graph shows stable acid value until time, t = 74 hours. 

Unintentionally the temperature was raised after 74 hour to 130 
0
C which is far-off 

from stability temperature (110 
0
C); the acid value is abruptly increased as shown by 

the steep line in the graph. The same behavior showed for hydroperoxide number and 

water contents; see the graphs in appendix 6.2 and 6.3. 

 

 

Figure 4.3 Acid number B20-9 hr-O.S 

 

Sample B20 (9 hour – N2 system) 

The same experimental setup then made with inert system (oxygen-free environment) 

by using N2 gas to prevent the flow of air. There is a little increase in the beginning 

after 74 hours, but the values again drop to original value after 100 hours of aging, see 

Figure 4.4. It means that the fuel works above the stability temperature as long as the 

system remains free of air. 

 

Figure 4.4 Acid number B20-9hr- O.S & N2.S 
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4.1.3 Hydroperoxide number 

Sample B-20 (1.6 and 9 hour stability) 

As the alkyl ester oxidizes, the hydroperoxide number increases. The readily oxidized 

1.6 hour stable sample has high peroxide number. The number is rising as the aging 

time increases. The same blend with 9 hour stability is more locked i.e. no increase in 

peroxide value with the time as long as the temperature kept below its stability 

temperature (110 
0
C). The clear difference in peroxides number for both the samples 

is shown in the Figure 4.5. 

 

Figure 4.5 Hydro peroxide number B20 (1.6 & 9 hr) 

 

Table 4.3 Hydro peroxide number B20 (1.6 & 9 hr) 
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Sample B20 Hydroperoxide number [mg/kg] 

Time [hour] 1.6 hour stability 9 hour stability 

0 128 78,53 

20 254,18 70,62 

26 368,21 76,07 

44 642,8 80,14 

50 813,22 82,11 

68 993,78 111,96 

74 1084,68 116,77 

92 1172,92  

100 1229,79  
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Sample B10, B20, B30 (1.6 hour stability) 

Figure 4.6 is for hydroperoxide number of the three samples B10, B20 and B30 with 

1.6 hour stability. The peroxide number is increasing as the time approaching the total 

aged time of 100 hours. At the start of aging, the three samples shows distinct 

behavior, later on the sample B20 and B30 curves touches each other. The B30 

sample is more aggressive than B10 and looks similar with B20 after 70 hours of 

aging time. 

 

 

Figure 4.6 Hydro peroxide number B10, B20 and B30 (1.6 hr) 

 

Table 4.4 Hydro peroxide number B10, B20 and B30 (1.6 hr) 
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4.1.4 Water contents 

Sample B-20 (1.6 and 9 hour stability) 

The Figure 4.7 represents the water contents of sample B20 with 1.6 and 9 hour 

stability. The high acid constituent sample (B20-1.6 hr) has more water contents and 

increasing with the aging time. The ASTM standard for water contents is 500 ppm, 

though the sample B20 (1.6 hr stable) is significantly oxidized but still the water 

contents is less than ASTM requirements. The 9 hour stable sample has low water 

contents i.e. far away from ASTM standard and more stable. The line is plateau 

throughout the aging time. The obvious explanation for water production is given in 

the literature part, two causes are explained. First the water is produced if the initiator 

is hydroxyl ion (OH
∙
) in the initiation step of oxidation or if methanol is present in the 

fuel, which reacts with free fatty acids to produce water and ester; more detail is given 

in the literature part. 

 

 

Figure 4.7 water contents B20 (1.6 & 9 hr) 
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Sample B10, B20, B30 

The Figure 4.8 illustrates the water contents of the three samples with 1.6 hour 

stability. The water contents increase with the aging time for sample B20 and B30. In 

the beginning the water contents of B20 are similar with B10 afterward increases from 

B30. The water contents of B10 are slightly increases in start then become constant 

after 44 hours. In all the three samples the amount of water is increasing, i.e. the water 

contents after aging are more than the initial contents.  

 

 

Figure 4.8 water contents B10, B20 and B30 (1.6 hr) 
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Sample B10, B20,B30 Water contents [ppm] 

Time (hour) B-10 B-20 B-30 

0 68 95 150 

20 107 106 148 

26 99 100 164 

44 179 204 228 

50 143 284 199 

68 148 354 275 

74 143 379 310 

92 150 438 388 

100 175 409 261 

 

0

50

100

150

200

250

300

350

400

450

500

0 20 40 60 80 100 120

W
at

e
r 

C
o

n
te

n
ts

 
(p

p
m

) 

Time (hour) 

Water contents (B10,B20,B30) O.S 

B10 (1.6 hr)

B20 (1.6 hr)

B30 (1.6 hr)



CHALMERS, Chemical and Biological Engineering, Master’s Thesis 2013:02 
26 

4.2 Part second- Aging of fuels in presence of polymer 

4.2.1 Acid number 

Sample B20-9hr - O.S (with & without polymer) 

The acid number of sample B20 with and without polymer is shown in the Figure 4.9, 

using open system with 9 hour stable fuel. The cross line shows the acid number 

without polymer while the other line (dotted) shows the same fuel in presence of 

polymer. There is no significant difference found during entire aging time while using 

the more stable fuel (9 hour stability).  

 

 

Figure 4.9 Acid number B20-9hr-O.S (with & without polymer) 

 

Sample B20-9hr – N2.Sys (with & without polymer) 

Analyzing the acid number for more stable system using 9 hour stable fuel with N2 

system, again no changes found, all the values are exactly same except in last two 

points, see Figure 4.10. 

 

 

Figure 4.10 Acid number B20-9hr-N2.S (with &without polymer) 
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Sample B20-1.6hr - O.S (with & without polymer) 

The worst case is using the less stable fuel (1.6 hour stability) in open system. This 

fuel is highly oxidized by aging for 100 hours; the values go beyond the ASTM 

standards after 70 hours of aging. After analyzing the same fuel in presence of 

polymer, very less value are observed as shown in the Figure 4.11. In both cases (with 

& without polymer) the fuel are oxidized by same amount but less value for the 

polymer part is because of attaching the acid constituents with the polymer surface 

instead of dissolving in fuel. As the hydro peroxide decompose, it form acidic entities 

which precipitate down the vessel and stick with the polymer surface and develop a 

thin layer of residue which can be seen with naked eyes.    

 

 

Figure 4.11-Acid number B20-1.6 hr-O.S (with &without polymer) 

 

4.2.2 Hydro peroxide number and water contents 

Following the analysis of hydro peroxide number and water contents, similar values 

are observed for more stable system (9 hr fuel or using N2 system). The same 

behavior then showed for less stable system i.e. clear difference in both hydro 

peroxide and water contents for with & without polymer pieces as using 1.6 hr fuel in 

open system.  These graphs are shown in appendix 6.4. 
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4.3 Polyoxymethylene (POM)  

4.3.1 IR spectroscopy 

The IR spectroscopy is used to observe the changes occur with ageing the polymer. 

Initial analysis is made with reference sample to understand the fundamental peaks of 

unaged polymer. Before going in detail to each spectrum, it’s important to enlighten 

the major influenced-ageing peaks. The most important peaks are located at 1700 cm
-1

 

(carbonyl group, C=O), 3000-2850 (alkenes, C-H) and 3400 (hydroxyl group, O-H) 

[21]. The presence of carbonyl peak is clear indication for fuel existence, an obvious 

group of alkyl ester. If the hydroxyl peak is present along with the carbonyl group, 

then the chemical specie is most probably carboxylic acid.   

 The bottom spectra in the Figure 4.12 represents the reference sample, hold no sign 

of carbonyl (1700 cm-1) and hydroxyl group (3400 cm
-1

). The first two spectra at top 

illustrate the polymer sample aged for 400 and 800 hours in open system using 1.6 

hour stable fuel. The peak increases with the ageing time at 1700, 2850 and 3400 cm
-

1
, possibly shows the presence of fuel on polymer surface. The second spectrum from 

bottom is for same sample (400 hours aged) after washing to wipe out all the fuels, it 

seems quite similar with reference spectra except a small peak at wave number of 

1700 cm
-1

). This small peak is a sign of fuel inside the polymer which is investigated 

further with other method (fuel penetration inside the polymer). 

 

 

Figure 4.12 IR Spectroscopy 

 

IR spectroscopy (Open and N2 system) 

The Figure 4.13 is for aging the polymer in open and N2 system. The presence of 

oxygen in the open system undoubtedly oxidizes the biodiesel fuel produce unwanted 

remains like hydro peroxide and acidic constituents. The spectrum in the figure is for 

total ageing time of 1600 hour after washing and drying the sample before analysis. 

The spectra obtain in oxygen-free environment (N2 system) appear analogous to 

reference sample apart from the peak at 1700 cm
-1

. There is gradual increase in peak 
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with the ageing time which shows the increase amount of fuel inside the polymer. On 

the other hand-ageing the polymer in open system, the first two spectra (400 and 800 

hours ageing) are similar with N2 system differing only in peak height. But as the 

ageing time gets larger from 800 hours, the corresponding peak is (at 1700 cm
-1

) 

drastically enlarged as shown in the figure. In addition to carbonyl group, the 1200 

and 1600 hours sample shows the presence hydroxyl group as well, which indicates 

the availability of acidic components.  The last two spectra (1200 & 1600 hours 

sample) completely showed dissimilar behavior with reference polymer. 

 

 

Figure 4.13 IR Spectroscopy (O.S & N2.S) 
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4.3.2 Light microscope 

The Figure 4.14 to 4.30 shows the polymer sample analyzed with light microscope 

using magnification of 3.2 X.  The amount of residue is visible on the surface which 

increases with ageing time, furthermore the amount of deposits appear more in open 

system. The effect of less stable (1.6 hours) fuel is also clears in the pictures, for the 

reason it is more volunteer to oxidation and turn out more residue. The 9 hour (more 

stable) fuel contains fewer residues however less increase occurs with ageing.  

When the polymer aged for 1200 and 1600 hours in open system, enormous amount 

of residue appeared on its surface which looks like a polymerized product, see Figure 

4.25 and 4.26. These samples are then analyzed with SEM for more profound study. 

   

      

Figure 4.14 Reference (POM) 

                   

Figure 4.15 B20-9hr-N2.sys-400hrs Figure 4.16 B20-9hr-N2.sys-800hrs 

 

               

Figure 4.17 B20-9hr-N2.sys-1200hrs Figure 4.18 B20-9hr-N2.sys-1600hrs       

 

              

Figure 4.19 B20-1.6hr-N2.sys-400hrs Figure 4.20 B20-1.6hr-N2.sys-800hrs 
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Figure 4.21 B20-9hr-N2.sys-1200hrs Figure 4.22 B20-9hr-N2.sys-1600hrs 

 

              

Figure 4.23 B20-9hr-O.S-400hrs  Figure 4.24 B20-9hr-O.S-800hrs 

 

              

Figure 4.25 B20-9hr-O.S-1200hrs  Figure 4.26 B20-9hr-O.S-1600hrs 

 

            

Figure 4.27 B20-1.6hr-O.S-400hrs Figure 4.28 B20-1.6hr-O.S-800hrs 

 

            

Figure 4.29 B20-1.6hr-O.S-1200hrs Figure 4.30 B20-1.6hr-O.S-1600hrs 
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4.3.3 Scanning electron microscope 

B20-9hr-open system-1200 hours aging 

The analysis made with light microscope are only limited for residue monitoring as no 

sign of cracks or fracture are observed. The polymer as aged for 1200 and 1600 hours 

in open system shows a lot of white spots on its surface which are likewise visible 

with naked eyes. SEM is then used for the deeper observation of those samples. 

Figure 4.31 is for reference sample, obviously shows no sign of defects on its surface. 

After 1200 hours of aging the residues are polymerized on the polymer surface, 

nevertheless the sample still contain clean surface which are focused for close 

observation, it is found that certain cracks/damaged parts are appeared below the 

residue layer as shown in the Figure 4.33.   

 

     

Figure 4.31 Reference (POM)   Figure 4.32 B20-9hr-O.S-1200hrs 

 

 

Figure 4.33 B20-9hr-O.S-1200hrs 
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B20-9hr-open system-1600 hours aging 

Figure 4.34 and 4.35 shows 1600 hours aged sample in open system. It can be seen 

from the Figure 4.34 that the fuel deposits are completely polymerized on entire 

surface of the polymer. The fractures are not visible due high residue polymerization; 

however as focused on small clean part, the cracks are quite deep and larger than 1200 

hours aged sample, see Figure 4.35. The appearance of cracks on these samples 

severely affects its strength, which is investigated with impact pendulum testing. 

 

     

Figure 4.34 B20-9hr-O.S- 1600hrs Figure 4.35 B20-9hr-O.S-1600hrs        

 

4.3.4 Immersion tests 

Change in volume- Open system 

The polymer swelling is determined by measuring the change in volume at different 

aging time. The Figure 4.36 shows swelling of polymer in open system with 1.6 and 9 

hour fuel. The change in volume increases with ageing time, which indicates that the 

fuel absorb inside the polymer at entire period of ageing. It is also clear from the 

graph that the polymer material swell more in 1.6 hour fuel as it reaches 3.2 % 

swelling, the maximum swelling observed for 9 hour fuel is 2%. 

 

 

Figure 4.36 Change in volume (B20- O.S) 
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Percentage Change in weight- open system 

The same behavior is then showed for percentage change in weight i.e. increases the 

weight with ageing time and more % change in weight using 1.6 hour fuel, see the 

Figure 4.37. 

 

 

Figure 4.37 Change in weight (B20-O.S) 

 

Change in volume- N2 system 

The same measurement is then made in oxygen-free environment (inert system); the 

change in volume (swelling) of the polymer is shown in the Figure 4.38. The 

maximum swelling is 1 % at 800 hours which increase from 0.4 % at 400 hour of 

ageing. The first two ageing period (400 and 800 hours) causes the polymer to swell 

due to fuel pick up inside the polymer material. The polymer starts to de-swell after 

800 hours of ageing because of leaching out the fuel as the saturation attain inside. 

The material again starts to swell after 1200 hours; this swelling is either because of 

the fuel penetrates again or the residue on the polymer surface is polymerized due to 

longer stay (1600 hours ageing) and high concentration. 

 

 

Figure 4.38 Change in volume (B20-N2.S) 
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Percentage Change in weight- N2 system 

The same decrease in the percentage weight change occurs at 1200 hours then 

increases at 1600 hours of ageing. The difference for the 1.6 and 9 hour fuel is shown 

in the Figure 4.39. 

 

 

Figure 4.39 Change in weight (B20-N2.S) 

 

4.3.5 Penetration of fuel inside polymer  

The penetration of fuel inside the polymer is carried out by conceiving a practically 

new method which gives quite accurate indication of fuel inside the polymer.  

Analysis of the thin layer (45 µm in thickness) not only gives information about the 

fuel existence but in addition examine the ageing of inner surface of the polymer. 

 

 

Figure 4.40 Penetration of fuel inside polymer 
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The spectrum in the Figure 4.40 is for different layers of the polymer after 400 hour of 

ageing in open system. The top spectrum is for layer 1 and then follows down up to 

21 from top to bottom as shown in the figure. The base line is the reference (fresh 

sample) spectra for comparison of internal ageing and fuel existence. There are no 

major differences observed in each peak which show any changes in the interior part 

except the peak at 1700 cm
-1

, which possibly shows the existence of fuel as explained 

earlier. The height of the peak decreases from top to bottom layer, the layer 21 closely 

match with the reference spectra indicate no fuel existence. 

With increase in ageing time, the fuel progressively goes down and consequently the 

number of peaks increases. For 800, 1200 and 1600 hours ageing, the matching 

spectra with the reference polymer is layer 25, 28 and 35 consecutively, see appendix 

6.5.  

4.3.6 Analysis of deposits on polymer surface 

The amount of residues after sorting out from the solvent are found more in open 

system. For the N2 system, it is not so large in extent but fairly enough for analysis. 

Figure 4.41 shows the spectrum for open and N2 system at entire aging period using 

the 9 hour fuel. The spectrum getting after each analysis is searched in library which 

contains spectra for almost every chemical substance.  For the inert system (using N2) 

the spectrum matches 96 % with methyl linoleate which is an alkyl ester of fatty acid 

also called biodiesel. Thus it’s the biodiesel which precipitate down and making a 

layer on polymer surface, furthermore a larger peak at 3400 cm
-1

 is observed for open 

system. This peak represent hydroxyl group (OH) and its presence with carbonyl 

group characterizes the residue as a short chain of carboxylic acid. 

 

 

Figure 4.41 Penetration of fuel inside polymer (Open &Nitrogen system) 
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4.3.7 Impact pendulum test 

Figure 4.42 shows the impact resistance, gauges in kJ/m
2
, of the specimens at 

different aging time. The analyses are made by aging the polymer in 9 hour fuel using 

open and N2 (inert) system.  For the N2 system, the energy required/absorbed to break 

the sample is almost same at each period of aging. No changes in strength are 

observed as preventing the flow of air inside (creating inert system). For the open 

system the impact resistance increases after 400 hours of aging, this increase is 

because of the fuel or oxidized entities of the fuel absorbs inside the polymer. The 

resistance again drops to reference value after 800 hours and decreases further after 

1200 and 1600 hours of aging.  The total loss in strength is almost 35 % after aging 

the sample in open system. 

 

 

Figure 4.42 Impact pendulum testing 

 

Table 4.7 Impact resistance 

Impact resistance [kJ/m
2
] 

Time [hour] 0 400 800 1200 1600 

Nitrogen system 10 9,583 10 9,16 10 

Open system 10 11,2 10,04 6,66 6,25 

0

2

4

6

8

10

12

14

0 500 1000 1500 2000

En
e

rg
y 

(K
 J

/m
2

) 

Time (hour) 

Impact test (B20-9 hr) 

N2.System

Open system



CHALMERS, Chemical and Biological Engineering, Master’s Thesis 2013:02 
38 

5 CONCLUSIONS 

Biodiesel is the best alternative fuel to conventional diesel and can be used in car 

engines with slight alteration prior to cause any operational problems. The big 

problem with biodiesel is of readily oxidation and creating high peroxide and acidic 

constituents. This property of biodiesel diminishes the gain to fully substitute the non-

renewable petro diesel fuel.  One way of reducing this problem is to prevent the flow 

of air by creating inert system as made in this work by using N2 gas. No changes in 

acid value, peroxide number and water contents are observed as using the oxygen-free 

environment. The more convenient way for the oxidation control is to use antioxidants 

in order to increase the stability of fuel. The 9 hour fuel contains additional 

antioxidants and performed better than the 1.6 hour fuel. The other approach of 

overcoming this intimidation is to make a blend with petro-diesel, but the higher 

blends B20 and B30 does not follow the ASTM specifications in term of acid value as 

long as the fuel does not contain antioxidants or an inert system is created. The 

completely unstable behavior showed by one of the blend clarifies that the fuel needs 

to be handled below the stability temperature. The fuel B10 works with the desired 

specifications without adding antioxidants or inert system. Moreover the behavior of 

B20 found more analogous with B30 and distantly from the B10 blend. As a result the 

use of B30 is preferred in the sense to substitute more of the non-renewable fuel, 

provided to make use of the antioxidants.      

The characterization products (acid, peroxide and water contents) of the fuel aged in 

the presence of polymer has similar values with the fuel-lacking polymer. For the 

inert system, there is no change in the polymer structure; the strength of the sample 

remains same and saturation reached after 1 % of fuel absorption. For the system 

having access to air, highly oxidizes the fuel creating larger amount of residues which 

precipitate down the vessel and stick with the polymer surface. These deposits are 

then polymerized after 1200 hours and 1600 hours of aging and might have greater 

impact on car parts after long exposure, i.e. plugging fuel filter and damaging the fuel 

tank. The polymerized products and various cracks on the surface of the polymer 

completely showed dissimilar behavior with reference polymer whilst analyze with IR 

spectroscope and scanning electron microscope. The maximum swelling of the 

polymer is 3 % and the fuel absorbed more in less stable fuel (1.6 hour) as compared 

with the stable fuel (9 hour stability). The fuel penetration analyzed for open system 

increases with the aging time. The last analysis (impact test) made as a culmination 

result of entire work which shows 35 % loss in strength as compared with original 

(unaged) polymer.  

Thus the high acid value of the fuel precludes the use of car components (polymer in 

this work) because of less compatibility with high acid constituents and can be limited 

by preventing/ reducing the access of oxygen or using more antioxidants. 
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6 APPENDICES 

6.1 Part first-Sample B-10 (1.6 and 9 hour stability) 
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6.2 Instability of fuel (Sample B20 -9 hour stability) 
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6.3 Sample B20 (9 hour stability) 

 

 

6.4 Part second (Sample B20- with & without polymer) 
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6.5 Penetration of fuel inside polymer 
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6.6 Standard method for impact test 
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