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ABSTRACT 

EFFECT OF OZONE TREATMENT ON QUALITY PARAMETERS AND 

STRUCTURE OF VEGETABLE OILS  

 

UZUN KARKA, Hicran 

Ph.D. in Food Engineering 

Supervisor: Prof. Dr. Esra ĠBANOĞLU 

June 2018  

142 pages 

The effects of ozone treatment on the chemical and structural properties of hazelnut 

oil (HO) were investigated. The HO treated with ozone gas for 1, 5, 30, 60, 180 and 

360 min. The ozone reactivity with the HO were analysed by 
1
H, 

13
C NMR, FTIR 

and GC. Iodine, peroxide and free fatty acid value, viscosity, colour variables were 

measured. Reaction products were identified according to Criegee mechanism. New 

signals were assigned to the rings proton of 1,2,4 trioxolane in ozonated oils in 
1
H 

and 
13

C NMR. The viscosity increased, whereas iodine value decreased with 

extended ozone treatment time. The oxidation kinetics of HO was studied by DSC at 

isothermal temperatures. Ea and ∆H
ffi
 of the ozone treated oils showed a reducing 

trend and reflected an increased oxidation sensitivity after ozone treatment. Also, the 

variations in melting and cooling profile of HO with ozone treatment were examined. 

The melting and crystallization peaks shifted towards lower temperature and became 

broader. Further, emulsion activity index (EAI) and emulsion stability decreased as 

ozone treatment time extended. Extensive droplet flocculation occurred in the 

emulsions containing ozone treated oils and the emulsions exhibited more solid like 

behaviour when ozone treatment time increased.  

Key Words: Ozone, hazelnut oil, oxidation, DSC, GC, NMR 
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ÖZET 

 

OZON MUAMELESĠNĠN BĠTKĠSEL YAĞLARIN KALĠTE 
PARAMETRELERĠ VE YAPISAL ÖZELLĠKLERĠ ÜZERĠNE ETKĠLERĠ  

 

UZUN KARKA, Hicran 

Doktora Tezi, Gıda Mühendisliği Bölümü 

Tez Yöneticisi:Prof. Dr. Esra ĠBANOĞLU 

Haziran 2018 

142 sayfa 

Bu çalıĢmada ozon uygulamasının fındık yağının kimyasal ve yapısal özellikleri 

üzerine etkileri incelenmiĢtir. Fındık yağı ozon ile 1, 5, 30, 60, 180 ve 360 dakika 

muamele edilmiĢtir. Ozonun fındık yağı ile reaksiyonu 1
H, 

13
C NMR, FTIR ve GC 

ile analiz edilmiĢtir. Reaksiyon ürünleri Criegee mekanizmasına göre belirlenmiĢtir. 

OzonlanmıĢ yağda, 1,2,4 trioxolane´e ait olan sinyaller 1
H, 

13C NMR´da tespit 

edilmiĢtir. Ġyot, peroksit ve serbest yağ asidi değerleri ile viskozite ve renk değerleri 

ölçülmüĢtür. Artan ozon muamele süresi ile iyot değeri azalırken, viskozite değerinin 

arttığı tespit edilmiĢtir. Fındık yağının oksidasyon kinetiği izotermal sıcaklıklarda 

sıcaklık taramalı kalorimetre ile çalıĢılmıĢtır. Ozon ile muamele edilen fındık 

yağlarının aktivasyon enerjisi (Ea) ve entalpi (∆H
ffi) değerleri azalan bir eğilim 

sergilemiĢtir ve ozonlama sonrası yağların oksidasyon duyarlılığının arttığını 

yansıtmıĢtır. Ozonlama ile erime ve kristalizasyon pikleri daha düĢük sıcaklıklara 

kaymıĢ ve daha da geniĢlemiĢtir. Ayrıca, ozon ile muamele edilmiĢ fındık yağı içeren 

emülsiyonların emülsiyon aktivitesi ve stabilizesinin de ozonlama süresi ile azaldığı 

tespit edilmiĢtir. Ozon ile muamele edilmiĢ fındık yağı içeren emülsiyonlarda büyük 

damlacık flokülasyonları oluĢmuĢtur ve emülsiyonlar ozonlama süresi arttıkça daha 

fazla katıya benzer davranıĢ sergilemiĢtir. 

Anahtar Kelimeler: Ozon, fındık yağı, oksidasyon, DSC, GC, NMR.  
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CHAPTER 1 

INTRODUCTION 

Ozone has several potential applications as a sanitizing and disinfecting agent 

in the food industry because of its advantages over other traditional food preservation 

methods. The utilization of the ozone in food industry has been accepted as safe 

chemical agent by Food Drug Administration in 1997 and then ozone have been used 

for many applications in the food industry such as increasing shelf life of vegetables 

and fruits, preventing of decontamination of perishable foods, the reduction 

microbial load in storage atmosphere of nuts and cereals and the disinfecting of food 

plant equipment, water and packaging materials (Gusel-Seydim et al., 2004). 

The ozone which could be used as gas or as dissolved in water, chemically 

react with food materials, as well as disinfecting them. Food materials have complex 

structures which are composed of various components and oxidation of these 

components during ozone treatment is likely to occur and this manifests itself as a 

change in the physical, chemical properties of food and quality loss. However, in 

literature, there has been a limited knowledge about deleterious effects of ozone on 

these components. The reactivity of ozone with the unsaturated bonds in lipid 

fraction of nuts can form several compounds such as ozonides, peroxides and 

aldehydes. In this study, our aims are to investigate the influence of ozone treatment 

on the structure and quality parameters of hazelnut oil (HO). The unsaturated 

triglycerides in vegetable and nut oils give the oil several suitable properties. 

However, the ozone reacts with the double bonds present in unsaturated fatty acids of 

the oils. Several oxygenated compounds such as hydroperoxides, ozonides, 

aldehydes, peroxides, diperoxides and polyperoxides can be produced during 

reaction of ozone with unsaturated oils. HO is composed of triacylglycerol and 

phospholipids. The HO contains unsaturated fatty acids which are about ~ 83% 

monounsaturated (MUFA) and ~9% polyunsaturated (PUFA) and saturated fatty 

acids (~8%). Therefore, determining chemical and structural variations in the oil 

upon ozone treatment might be useful to predict the effect of ozone treatment on the 



 

2 
 

lipid component of hazelnut kernel when they are exposed to ozone for hygiene in 

their storage atmosphere.  

 The effects of ozone treatment on structural and chemical properties of the HO 

were determined by following some chemical and instrumental analysis. Firstly, HO 

treated with ozone gas for 1, 5, 15, 30, 60, 180 and 360 min. Ozone treated and 

untreated oils were stored in a hermetically sealed glass bottle kept in a dark place at 

room temperature up to 150 days and analysed at specific time intervals (3, 7, 10, 20, 

30, 40, 55, 70, 85, 100, 125 and 150 days). After ozone application, peroxide value 

(PV), free fatty acid (FFA) value and iodine value (IV) of ozone treated hazelnut oil 

were measured as a function of storage time and ozone treatment time. The PV is an 

indication of oxidation while FFA value of the oxidized oils increases due to 

cleavage of double bonds. Iodine value (IV) is often used to determine the amount of 

unsaturation in fatty acids. In order to determine the effects of ozone treatment on the 

unsaturated bonds of the oil samples, IV of samples was analysed by using chemical 

analysis method. The ozone reactivity with the HO during ozone treatment was 

analysed by 
1
H, 

13
C NMR (Nuclear Magnetic Resonance) spectroscopy, FTIR 

(Fourier Transform Infrared Radiation) spectroscopy and GC. The products formed 

from ozone treatment was determined and identified according to Criegee 

mechanism. Viscosity and colour variables (L*, a* and b*) of untreated and ozone 

treated oils were determined. Viscosity of the oil samples was measured by 

Rheometer (Bohlin C-VOR) to compare variations in viscosity of the untreated and 

ozone treated oil samples. The ozone reacts with the carotenoids and lead to partial 

oxidation of these components. The variations in colour values (L*, a*and b*) were 

measured by Hunter Colorimeter. The oxidation kinetic mechanism of untreated and 

ozone treated HO was studied. Rate constant (k) of oxidation reaction was 

determined from oxidation thermogram obtained from Differential Scanning 

Calorimeter (DSC). Kinetic parameters (activation energy (Ea), enthalpy (ΔHffi
) and 

entropy (ΔSffi
) of untreated and ozonated oils was calculated based on Arrhenius 

equation. The slope of plots ln k versus 1/T gives the activation energy divided by 

the molar gas constant, ΔHffi
 and ΔSffi

 values of ozonated oils were determined by ln 

(k/T) versus 1/T plot via Eyring equation. Also, heating and melting profile of 

untreated and ozone treated HO samples were obtained from DSC thermograms. 

Emulsifying properties of emulsions prepared with untreated and ozone treated HO 
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were determined. After emulsion formation, the emulsifying activity (EAI) was 

measured from absorbance immediately and the emulsion stability index (ESI) was 

estimated from the change in the following absorbance readings as dependent the 

time. Also, flow behaviour of the emulsions prepared with untreated and ozone 

treated oil samples according to elastic modulus (G') and viscous modulus (G") 

values was obtained from dynamic rheological measurement. Further, polarized light 

microscopy was used to measure droplet sizes of emulsions prepared with untreated 

and ozone treated oil samples. Polarized light microscopy was used to observe the 

morphology of emulsions. In order to investigate the influence of ozone treated 

hazelnut oil on microbial growth, total plate count, yeast and mould count of the oil 

samples were analysed.   
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CHAPTER 2 

LITERATURE SUMMARY 

2.1 OZONE 

2.1.1 Chemical and Physical Properties of Ozone  

         Ozone molecule contains three oxygen atoms with the chemical formula O3. It 

is more unstable molecule than that of diatomic allotrope (Cuthbertson and 

Cuthbertson, 1914).  Ozone molecule dissociates rapidly oxygen atoms at room 

temperature and, thus, ozone gas does not accumulate substantially in atmosphere. At 

room temperature, ozone gas has pale blue colour (Miller et al., 1978; Peleg, 1976).  

Ozone is an inorganic molecule which has a pungent, characteristic odour (Coke, 

1993). Detectable limit of the ozone gas is at 0.01–0.05 ppm level (Mehlman and 

Borek, 1987; Miller et al., 1978; Mustafa, 1990). It is occurred in stratosphere 

(Earth's atmosphere) photochemically, but exits in low concentrations at ground. In 

gaseous phase, it has a longer half-life than that of dissolved phase in aqueous 

solution. Ozone gas has a solubility in water is about 13 times higher than oxygen at 

0–30 
0
C (Rice et al., 1981). Ozone is progressively more soluble in cold water and 

the solubility altered with respect to the temperature of water (Rice, 1986). It 

decomposes back to oxygen, rapidly in aqueous solution which includes impurities; 

however, the decomposition of ozone is more slowly in untreated water or in the 

gaseous state (Hill and Rice, 1982).  

 

Table 2.1 Physical properties of ozone (pure) (Manley and Niegowski, 1967). 

 

Boiling point (
0
C) -111.9 

Melting point (
0
C) -192.5 

Critical temperature
  
(
0
C) -12.1 

Critical pressure (atm) 54.6 

Critical volume (cm
3
/mol) 111 
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Ozone is the second strong oxidizing agent; the first one is fluorine which has 

highest oxidation potential value.  The oxidation potential value of fluorine and 

ozone are 3.06 mV and 2.07 mV, respectively. The other oxidizing agents are 

permanganate, chlorine dioxide, hypochlorous acid and chlorine gas and their 

oxidation potential values are lower than that of ozone (Manley and Niegowski, 

1967). 

Ozone decomposes to oxygen atoms too fast at higher water temperatures 

(Rice et al., 1981).  Explosion in liquid ozone occur easily while ozone to oxygen 

mixtures is greater than 20%. Electrical sparks or sudden variations in temperature or 

pressure can cause these explosions. However, in practical applications, ozone 

explosion can occur, rarely (Guzel-Seydim et al., 2004). The structure of ozone 

molecule is arranged as a resonance hybrid of the four canonical forms; the included 

angle is approximately 116
0490’ and the bond length is 1.278 Å. Figure 2.1 shows 

the different structure of ozone molecule (Oehlschlaeger, 1978). 

 

 

 

Figure 2.1 Resonance Structures of Ozone Molecule (Oehlschlaeger, 1978). 

FDA announces that maximum ozone level as 50 ppb for protection of human 

health and reducing the occurrence of potentially adverse health effects. Although 

ozone is known as extremely safe gas in low concentrations, it may be fatal to 

humans at high concentration (Schwartz et al., 1976).  The high concentration of 
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ozone (>0.2 ppm) can cause severe damages to the respiratory tract (Schwartz et al., 

1976).   

 2.1.2 Earl history of ozone  

C.F. Schönbein in 1839 discovered ozone molecule (Guzel-Seydim et al., 

2004). He had observed special odour during electrolysis and sparking experiments. 

He also noticed that the odour was the same with odour observed after a flash of 

lightning. Schönbein concluded that this odour was due to a new substance. The 

word of “ozone" derived from "ozein" which is a Greek word, meaning "to smell" 

(Schönbein, 1840).   He concluded that ozone could be formed by passing moist air 

over stick phosphorus. Further, he said that ozone was produced by plunging a 

heated glass rod into a mixture of air and vapours of ether. After his experiments; he 

found that ozone occurs naturally in the ambient atmosphere (Schönbein, 1868). 

In 1848, Hunt (1848) announced that ozone is triatomic oxygen. In 1860, 

Andrew and Tait (1860) reported that ozone could be converted to oxygen by the 

action of heat or otherwise. Also, they found that small amounts of mercury or 

metallic silver had the power to destroy ozone (Andrew and Tait, 1860). 

Ozone technology was advanced greatly by the development of ozone 

generation. Ozone generating tubes was introduced by von Siemens (1857). This 

type of ozone generator has served as a prototype for majority presently used electric 

discharge generators. The generator consisted of two glass tubes which were coated 

with tin foil.  The metallic surfaces of the tubes were connected to the terminals of an 

induction coil or electrical machine. When air feed gas was passed through the 

annular space, 3-8% of dry oxygen could be converted to ozone (Siemens, 1857).  

While decomposition of gaseous ozone occurs spontaneously over a period of 

hours at ambient temperatures, dissolved ozone in aqueous phase decomposes at a 

faster rate, usually measurable in minutes. In 1894 Mailfert (1894) determined that 

solubility of ozone in water as 0.64, 0.45, 0.11, 0 liter/liter water at 0, 15, 40, and 60 

0
C, respectively (Mailfert, 1894). 
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In order to investigate ozone generation process under the low temperature 

conditions, Hautefeuille and Chappuis (1882) passed an electric discharge through 

oxygen gas at very low temperatures. They obtained concentrations of 14.9 % by 

weight of ozone at 0 
0
C and 21.4 % at -23 

0
C. Further, these researchers succeeded in 

producing liquid ozone by applying a pressure at 125 atm and -100 
0
C. Liquid ozone 

was observed to have a dark indigo-blue colour (Hautefeuille and Chappuis, 1882; 

Encylopedia Britannica, 1885). 

FDA (United States Food and Drug Administration) announced that ozone 

was generally safe for use in food industry (USDA, 1997). In food industry, ozone 

was first used in disinfection of urban water in 1907 in Nice and in 1910 in St. 

Petersburg (Kogelschatz, 1988). FDA stated that maximum treatment level was 0.4 

mg of ozone per liter of bottled water. Nowadays, ozone has been used commonly as 

gaseous phase or an aqueous solution for many applications in food industry such as 

for decontaminating surfaces of plant equipment, recycling wastewater, and reducing 

amount of pesticide on fresh produce (Rice et al., 1982; Guzel-Seydim, 1996; 

Majchrowicz, 1998; Dosti, 1998). 

Several foods for example vegetables, fruits, nuts, meats etc., can be treated 

with ozone directly or indirectly for improving microbial and physical quality and 

increasing their shelf-life (Norton, et al., 1968). The gaseous ozone can be used to 

reduce microbial load in the air and on the surface of food products (Yang and Chen, 

1979; Sheldon and Brown, 1986). 

2.1.3 Ozone Generation 

In order to generate ozone, there are ultraviolet radiation (188 nm 

wavelength) and corona discharge methods. In these methods, firstly, free radical 

oxygen can be formed from air to generate ozone. Generally, the corona discharge 

method is usually used for production of commercial level ozone (Fig. 2.2) (Rice et 

al., 1981). 
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Figure 2.2 Typical corona cell configuration. 

 

Two electrodes are present in the corona discharge method.  One of them is 

high tension electrode and the other is the low tension electrode. These electrodes 

can be separated from a dielectric medium and there is a discharge gap in the corona 

discharge (Fig. 2.2). While a suitable kinetic energy which is about 6–7 eV generates 

between electrons for dissociation of the oxygen molecule, the collisions occur in a 

certain fraction and then a molecule of ozone can be generated from dissociated 

oxygen atom. Generally air or pure oxygen was used as a feed gas. Ozone can be 

produced from air however, 6% ozone yields can be obtained from pure oxygen 

(Rice et al., 1981). The generated ozone gas cannot accumulate in the atmosphere 

since it dissociates back to oxygen atoms spontaneously (Coke, 1993; Kogelschatz, 

1988; Wickramanayaka, 1991).   

2.1.4 Application of Ozone in Food Industry 

Ozone treatment has many recommended applications in the food industry for 

example; disinfection of food manufacturing equipment, waste water (Rice et al., 

1982),  surface of food material, carcasses of poultry and chilling water in the poultry 

industry (Yang and Chen, 1979; Sheldon and Brown, 1986), increasing shelf-life of 

fruit and vegetables (Norton et al., 1968), etc. In poultry industry, ozone has been 

commonly used in sanitizing of recycled chilling water used in poultry and 

disinfecting of poultry carcasses (Sheldon and Brown, 1986). The Code of Federal 

Regulations declared that the reduction in total microorganisms, coliforms, 

Escherichia coli, and Salmonella spp must be at least 60% (USDA, 1997). Waldroup 
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et al., (1993) determined that viable Escherichia coli or coliforms cannot present in 

recycled chill water after ozone treatment and there was low count of the total 

aerobic bacteria. After ozone treatment to poultry carcasses directly, the all carcass 

microorganisms were destroyed more than 2 log-units. There were no lipid 

oxidations, off-flavour development or variation in carcass skin colour (Sheldon and 

Brown 1986). In order to preserve fruits and vegetables against microbial 

contamination, ozone treatment has been used in food industry (Norton et al., 1968; 

Rice et al., 1982). Treatment with ozone resulted in the reduction in microbial 

decontamination of blackberries and grapes (Beuchat, 1992), the decreased mould 

and bacterial counts in onions without any variation in chemical and physical 

attributes and the decreased bacterial content in shredded lettuce in water (Kim et al., 

1999). Ozone has been used experimentally as a safety disinfection agent in whole 

black peppercorns and milled black pepper. Although ozone treatment of milled 

black pepper causes an oxidation of volatile oils, slightly, ozone treatment had no 

important influence on the volatile oils of whole peppercorns. After ozone treatment, 

new components were not detected (Zhao and Cranston, 1995). However, the ozone 

treatment successfully reduced microbial loads. In order to decrease mould on 

surfaces of Cheddar cheese and in the cheese storage rooms, ozone inhibit the 

moulds present at high ozone concentrations (Gibson et al., 1960).  

Chemical sanitizers have been commonly preferred for sanitation in the food 

industry because of being cheaper than other sanitizing methods. The chemical 

agents which contain chlorinate are used throughout the world for disinfection of 

water, waste water and for sanitization of food processing plant equipment and 

foods. Although chlorinated sanitizers have hazardous affects such as causing to 

form carcinogenic compounds and causing toxicity affects to the environment, 

causing harmful and irritating at high concentrations, these compounds are cheaper 

than other bactericides which inhibit vegetative forms of bacteria (Guzel-Seydim et 

al., 2004). In food processing industry, the alternative sanitizing and disinfecting 

agents which is no damage to human health and safe for environment and also 

effective against microbial spoilage and pathogens are researched. Furthermore, 

these agents must also be non-reacted to food plant equipment (Bellar et al., 1974; 

Trussell and Umphres, 1978).  
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Ozone is an alternative sanitizing agent to chlorine for utilize in disinfection 

purposes in the food industry and use of water treated with ozone has been suggested 

as sanitizing agent for dairy and food plants (Greene et al., 1993). In previous 

research, the sanitation effects of the ozone treated water and chlorinated sanitizer on 

stainless steel surfaces were compared by incubating the equipment with UHT milk 

inoculated with either Pseudomonas fluorescens or Alcaligenes faecalis at 32 
0
C for 

4–24 h. It has been found that ozone treated water and chlorinated sanitizer exhibited 

almost similar effectiveness against bacteria present on dairy surfaces, both 

treatments decreased bacterial load by 99%. The disinfection effects of ozone, 

chlorine and heat were compared with each other against food spoilage bacteria in 

synthetic broth (Dosti, 1998). The ozone treatment for 10 min caused the highest 

reduction in the microbial load with a mean reduction over all species of 7.3 log units 

followed by heat (5.4 log reduction) and chlorine (3.07 log reduction) (Dosti, 1998).  

2.1.5 Reaction mechanism of ozone with oils 

Ozone treatment of unsaturated triglycerides present in vegetables and nuts oil 

has been suggested recently due to usage of ozone treated oils in several applications 

(Soriano et al., 2003). The oils treated with ozone have been used in food, cosmetics 

and pharmaceutical industry as antibacterial and fungicidal agent (Zanardi et al., 

2008). The chemical reactions of ozone with unsaturated fatty acids present in oils 

are very complex mechanism. The structural and chemical analyses related with 

these oxidation reactions give some useful information to determine functional group 

formed from ozone treatment as well as the identification of the reaction products, 

according to Criegee mechanism (Criegee, 1975). In the mechanism, the reaction 

products which are known as ozonides can be formed from alkenes and ozone. The 

reaction of ozone with the unsaturated bonds present in the oils produces several 

compounds such as ozonides, peroxides and aldehydes according to the mechanism 

described by Criegee. The initial stage is the formation of the primary ozonide which 

is called as 1,2,3 trioxolane. And then, a diradical intermediate is produced from the 

primary trioxolane by O-O bond scission. The diradical can decompose into an 

aldehyde and a carbonyl oxide. In aqueous environment, the carbonyl oxide can form 

a hydroxyhydroperoxide, which breaks down to an aldehyde and hydrogen peroxide. 

In the relatively anhydrous environment, the primary ozonide rearranges to form the 
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secondary ozonide (1,2,4 trioxolane), which can decompose to a hydroperoxide and 

an aldehyde. The hydroperoxide can initiate lipid peroxidation. Several oxygenated 

compounds such as hydroperoxides, ozonides, aldehydes, peroxides, polyperoxides 

are produced by Criegee mechanism (Figure 2.3), (Pryor, (1994).  

In our study, hazelnut oil was treated with ozone in a glass gas washing bottle, 

directly. Ozone was bubbled into the hazelnut oil without using any chemical 

solvent. In literature, many studies have not sufficiently examined reaction 

mechanism of ozone which to be contacted to oil directly. Generally, the studies have 

been related with reaction mechanism of typical ozonation procedure where ozone 

gas is bubbled through a solution of oil in a suitable solvent. Based on the results of 

the mentioned studies, reaction products formed from ozonation in this research were 

analysed and evaluated by 
1
H and 

13
C NMR (Nuclear Magnetic Resonance) and 

FTIR (Fourier Transform Infrared Radiation). 

 

Figure 2.3 Reaction of the ozone with double bond of unsaturated fatty acids. 

 

2.2 OXIDATION MECHANISMS OF FATTY ACIDS 

2.2.1 Fatty acids  

Fatty acids are carboxylic acids and they have aliphatic carbon chain. They 

have been in saturated or unsaturated forms. If the aliphatic carbon chain is 

composed of single bonds between carbon atoms, it is called as saturated fatty acids; 

if there is one or more of double bonds in the carbon chain, it is called as unsaturated 

fatty acids. Most of the natural fatty acids have been consist of even number of 

carbon atoms with hydrogen atoms along the length of the in their carbon chain.  The 
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most common fatty acids have 12-22 carbon atoms in their structure. While the 

carboxyl group (−COOH) is at the one end of the chain and there is H atom at the 

other end (IUPAC, Compendium of Chemical Terminology, 2007). The free fatty 

acids are the fatty acids which are not bonded to other molecules. The carboxyl 

group and double bonds of the fatty acids is reactive sites, methylene group attached 

to them are also increased their reactivity. Fatty acids are commonly found that in 

triglyceride structure in nature. Triglycerides is composed of fatty acids 

and glycerol (an alcohol) (Scrimgeour, 2005).  

There are over 1000 fatty acids which are known in nature, however, only 

about 20 fatty acids are found in significant amounts in the oils and fats (Table 2.2). 

They are classified as short, medium or long chain fatty acids with respect to length 

of their carbon chain. Short chain fatty acids consist from 2 to 6 carbon atoms, while, 

the length of the carbon chain from 8 to 10 is medium chain fatty acids. Additionally, 

long chain fatty acids have from 12 to 24 carbon atom in their chains (Akoh and Min, 

2002). 

Table 2.2 Significant sources of common fatty acids (Akoh and Min, 2002). 

Fatty acid Significant source 

4:0 butyric Butter, milk fat 

6:0 caproic Coconut oil, palm kernel oil 

8:0 caprylic Coconut oil, palm kernel oil 

10:0 capric Coconut oil, palm kernel oil 

12:0 lauric Coconut oil, palm kernel oil 

14:0 myristic Coconut oil, palm kernel oil 

16:0 palmitic Cotton seed oil, palm kernel oil 

18:0 stearic Cocoa butter, tallow 

18:1 oleic  Cottonseed, olive, palm, hazelnut oil 

18:2 linoleic Corn, sesame, soybean, sunflower oil 

18:3 α-linolenic Linseed oil 

20:1 erucic High euric rare 

20:5 eicosapentaenoic Fish and animal fats 

22:6 docosahexaenoic acid Fish and animal fats 

 

http://goldbook.iupac.org/F02330.html
https://www.britannica.com/science/glycerol
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Table 2.3 Composition of fatty acid present in common oils (wt. %) (Gunstone et al., 

1995). 

 
 
 

 

 

 

 

 

 

 

 

 

 

Hazelnut oil is one of the most commonly used nuts oils which is produced 

cold pressed method from hazelnut kernels. Hazelnut oil contains oleic acid as 

monounsaturated fatty acid (MUFA), while linoleic acid and linolenic acid are found 

as the polyunsaturated fatty acids (PUFA). While major fatty acid of hazelnut oil is 

oleic acid (74.2–82.8%), small quantity of linolenic acid is found in the hazelnut oil 

(0.03-0.08%). Additionally, linoleic acid is the PUFA and its range was between 

9.82% and 18.7%. Percentages of palmitic, stearic and palmitoleic acids are 5.87%, 

2.49%, and 0.48%, respectively (Köksal et al., 2006). 

Oleic acid is the major monounsaturated fatty acid in the hazelnut oil. It is 

odourless, colourless oil. Oleic acid is named as a monounsaturated omega-9 fatty 

acid, chemically, and abbreviated with a lipid number of 18:1 cis-9. It’s chemical 

formula is CH3(CH2)7CH=CH(CH2)7COOH (Thomas, 2002). 

 

 

 

Common oils 16:0 18:1 18:2 18:3 Other 

Butter 28 14 1 1 56 

Coconut 9 6 2  83 

Corn 13 31 52  4 

Cottonseed 24 19 53  4 

Peanut 13 37 41  9 

Olive 10 78 7  5 

Palm 44 40 10  6 

Rape 4 56 26 10 4 

Sesame 9 38 45  8 

Soybean 11 22 53 8 6 

Sunflower 6 18 69  7 

Hazelnut 5 77 12 0.05 6 
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Figure 2.4 Chemical structure of oleic acid (C18:1) (Kaneko et al., 1997). 

Linoleic acid is a polyunsaturated omega-6 fatty acid. Hazelnut oil contains 

high amount of linoleic acid as unsaturated fatty acids after that oleic acid. Linoleic 

acid is known as polyunsaturated fatty acid which has two cis double bond in its 

carbon chain; the first double bond located at the sixth carbon and second double 

bond at the nine carbon atom from the methyl end (Anneken et al., 2006). The 

double bonds present in hazelnut oil are susceptible to oxidation. Linoleic acid also is 

named as essential fatty acids, which means that it is not synthesized by human body. 

Therefore, human can take on linoleic acid from food materials, especially, vegetable 

and nut oils.  

 

Figure 2.5 Chemical structure of linoleic acid (Anneken et al., 2006). 

2.2.2 Oxidation  

Oxidation reactions in fatty acid alkyl chain can occur both at double bonds 

and adjacent allylic carbon atoms. Unsaturated oils and fats can be deteriorated 

because of photooxidation and formation of free radicals at allylic carbons in the 

chain due to oxidation reaction. As a result of oxidation, rancidity increases and 

rancid flavour occur in oils and nutritional value of the oil reduced. There are two 

common encountered oxidation in food materials containing high amount of lipids; 

autoxidation and photooxidation. However, autoxidation can occur commonly in 

food stuff (Scrimgeour, 2005).  
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2.2.2.1 Autoxidation  

Autoxidation include a series of complex oxidation reactions which are initiate, 

propagate, and terminate the chain in the presence of oxygen. It is also known as 

auto-catalytic production of free radicals.  

In the initiation step, hydrogen atom is abstracted to give lipid radical in the 

presence of initiators such as light, heat, metals, oxygen. The lipid radical is formed 

by dissociation of hydroperoxides present or already generated by photoxidation 

(Scrimgeour, 2005). Then, the free lipid radical reacts with oxygen molecule 

resulting in generated lipid peroxide radicals during propagation step. This step is 

much faster than the following step. In this step, another hydrogen atom is abstracted 

by the lipid peroxide radical, resulting in generation of hydroperoxide and a new free 

radical (Frankel, 1998). The chain reaction is terminated by several reactions which 

produce more hydroperoxide radicals by hydrogen abstraction. These reactions is 

that two hydroperoxide radicals combine with each other for causing to nonradical 

products and molecular oxygen or it react with an antioxidant for producing a more 

stable radical (Akoh and Min, 2002). 

2.2.2.2 Photooxidation 

Photooxidation is a chemical oxidative reaction of unsaturated fatty acids in the 

presence of light. The several chemical oxygenated compounds such as 

hydroperoxides, peroxides, and carbonyl and other oxygen containing compounds, 

and free radicals can be generated by the oxidation reactions (Frankel, 1998). These 

compounds can be decomposed by Ultraviolet radiation. Natural colour pigments 

such as chlorophyll and riboflavin exhibit a sensitizing behaviour. Light stimulate 

these sensitizing agents to the triplet state that promotes oxidation. Unlike 

autoxidation, there is no induction period (Doleiden, et al., 1974). 

There are two different type photooxidation mechanisms which are type I and 

II.  In the type I oxidation, electron or hydrogen is abstracted from the structure of 

unsaturated bond present in the oil by the triplet state sensitizer, and then produced 

radicals. Additionally, in type II oxidation mechanism, molecular oxygen are 

converted to excited singlet oxygen by triplet sensitizer due to transfer of energy 

from sensitizer to oxygen molecule. Singlet oxygen which highly electrophilic 
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produces hydroperoxides resulting from its oxidation reaction with olefins. The 

singlet oxygen attaches to carbons in the double bond and then causes to shift double 

bond and converts cis form to trans (Rawls and Santen, 1970; Min and Akoh, 1998). 

2.2.2.3 Oxidative cleavage 

Several oxidizing agents or named as oxidants such as oxygen, ozone, 

hydrogen peroxide, fluorine, chlorine etc. react with double bonds and produce 

carboxylic acids, aldehydes, or alcohols (Scrimgeour, 2005). 

One of these oxidizing agents is ozone. The ozone molecule reacts directly 

with one or more double bonds present in olefins and cause oxidation of them 

(Christie, 2002). Results of the oxidation reactions, firstly molozonide (1,2,3 

trioxolane) is formed by the addition of ozone on the carbon–carbon double bonds. 

The molozonide which is very unstable is rapidly dissociated to an aldehyde and a 

zwitterion. The next step of the reaction is related to reaction medium which is protic 

or aprotic (Nishikawa et al., 1995). In an aprotic media, zwitterions and aldehydes 

reacts with each other to form Criegee ozonide (1,2,4 trioxolane) and peroxidic 

compounds, while in a protic medium, the zwitterions react with water to generate 

carboxylic acids and hydro-peroxides, oligomeric peroxides, etc. (Murray, 1968). 

2.3 HAZELNUT OIL 

2.3.1 Hazelnut production and oil extraction 

Hazelnut is one of the most popular nuts belonging to Betulaceae family. 

Hazelnut is derived from species of the genus Corylus and its species is known as 

Corylus avellana L. (Alasalvar et al., 2009).  It is mainly grown in the Black Sea 

region of Turkey (Ordu and Giresun), the south part of Europe and in some location 

of the US. Furthermore, hazelnut can also be grown in some other countries such as 

New Zealand, China, Azerbaijan, Iran, and Georgia among others (Alasalvar et al., 

2009). The best quality of hazelnuts are grown in Turkey due to having suitable 

climatic condition for cultivation of high quality varieties hazelnuts. Turkey is the 

main high quality hazelnut producing country in the world and provide 65% of the 

total hazelnut production of the world (Ayfer et al., 1997; Köksal, 2002). 
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Hazelnuts usually begin to mature in the end of summer and they are harvested 

after maturation completed in autumn. In autumn, over matured nuts fall into the 

ground while the others is still on the hazelnut tree. Therefore, the hazelnuts are 

harvested either by manual or by special machine mechanically. Hazelnut is found in 

nature as clusters of one or more hazelnuts together and the hazelnuts in the clusters 

are covered by a husk. The hazelnut has oval or round shape depending on the 

varieties. While unripe hazelnuts have a green colour husk, the colour of the husk 

turns from green to brown during maturation. The hazelnut is 12-25 mm long and 12-

20mm broad. After pollination, the hazelnut reaches to maturity about 7-8 months 

(Hazelnuts in Ontario – Growing, Harvesting and Food Safety, 2012).  

Turkey is the main hazelnut producer in the world.  Hazelnut production of 

Turkey is 625000 tons annually. Turkey is the top exporter of the hazelnut, 75% of 

world is hazelnut production is supplied from Turkey (USDA, 2004). There are 

several varieties of hazelnut such as Tombul, Cakıldak, Sivri, Yassi Badem, Çakildak 

Badem, etc. cultivated in Turkey. Furthermore, a small amount of Ham which is 

known as wild is also harvested.  Among these species, Tombul (round) hazelnut 

which is grown especially in Giresun is named as first quality due to its high flavor 

and nutritional value. The other species are called as second grade quality. They 

contain lower oil contents, flavors and nutritional values than first quality ones. 

Among other nut species, hazelnut has an important role in terms of its positive 

influence on nutrition and health (Köksal et al., 2006; Alasalvar et al., 2006). 

Hazelnut contains mainly valuable lipids which include about 60% of its 

composition. Hazelnut is composed of high amount of monounsaturated fatty acids 

(oleic acid), and then linoleic, palmitic, and stearic acids, respectively. Also, 

Hazelnut kernels have high content of protein about as between 10-24%. The 

carbohydrate contents of hazelnut kernels vary between about 10% and 22% 

(Alasalvar et al., 2006; Maguire et al., 2004; Shahidi et al., 2007). Furthermore, 

hazelnut kernels include valuable vitamins, such as B1, B2, B6, niacin and α-

tocopherol. Also, they are sources of several of minerals.  Hazelnut commonly 

utilizes as an ingredient due to its unique and different flavor in food industry such as 

confectionery, bakery, ice-cream and dairy, candy and chocolate products (Alasalvar 

et al., 2004; Alasalvar et al., 2003). 
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The hazelnut oil is obtained from the hazelnut kernels by generally cold-

pressed method (Figure 2.6). Hazelnut oil is clear, yellow to yellow-brown oil that is 

rich in monounsaturated fatty acids (oleic acid) and has an extremely nutty smell and 

taste. Hazelnut kernel contain high amount of oil about between 58-68%. Refined 

hazelnut oil is obtained by refinement of cold pressed oil (Figure 2.7). Hazelnut oil 

has been commonly used for cooking, deep frying, salad dressing, and flavouring 

ingredients in Turkey. Additionally, hazelnuts play a significant in human nutrition 

and health. The hazelnuts have a special fatty acid composition which contains high 

percentages of oleic acid and then linoleic acids as unsaturated fatty acids. Also, 

hazelnuts include a small amount of palmitic and stearic acid. Furthermore, some 

health-promoting components such as tocopherols, phytosterols, polynenols and 

squalene are present in hazelnuts. Therefore, Hazelnut oil is stable against lipid 

oxidation due to its antioxidant content, especially tocopherols content. Generally, 

about 100,000-150,000 tons of hazelnut kernel is used annually as raw material for 

production of refined hazelnut oil (Alasalvar, 2003).  
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Figure 2.6 Production of crude or extra virgin hazelnut oil (AltaĢ Company). 
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Figure 2.7 Production of refined hazelnut oil (AltaĢ Company). 

2.3.2 Composition of hazelnut kernel oil 

Hazelnut kernel composed of valuable nutritional constituents such as proteins, 

vitamin, minerals and lipids (Alphan et al., 1997; Durak et al., 1999; Mercanlıgil et 

al., 2007). Especially, it contains some valuable fatty acids such as oleic acid, 

linoleic acid which are known as unsaturated fatty acids for human diet. Fat content 

of the hazelnut kernel is about 60-65% and it include high amount of oleic acid as 

monounsaturated fatty acid and then linoleic acid as polyunsaturated fatty acid. 
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Small amount of tocopherols, phytosterols, polyphenols, squalene, minor 

components, and phytochemicals are also present in the hazelnut kernel (Alasalvar, 

et al., 2006; Maguire et al., 2004; Shahidi et al., 2007). The hazelnut oil is composed 

of triglycerides which is an ester formed from the binding of three fatty acids to 

glycerol. Table 2.4 showed that the composition of different Turkish hazelnut 

varieties which are grown in the Black Sea Region of Turkey. According to the table, 

hazelnut kernel contains about 20.59% protein, 10% carbohydrates and 61.66% oil. 

The oil contents of hazelnut kernel varieties are mostly composed of oleic acid (74.2-

82.8%) and then linoleic acid while it contains small amount of linoleic acid (0.03-

0.08%). Furthermore, hazelnut kernel gives energy about between 27.17-28.46 

MJ/kg. The hazelnut varieties have low moisture (2.49-5.25%) and ash content (2.22-

2.36%). The hazelnut kernel oil also contains saturated fatty acids, such as palmitic 

and stearic (Alasalvar, et al., 2003; Bada et al., 2004; Özdemir et al., 1998). The ratio 

of unsaturated/saturated fatty acid is about 13.1 and the ratio of polyunsaturated/ 

saturated fatty acids is about between 1.23 and 2.87 in the hazelnut kernel varieties 

(Alasalvar, et al., 2003; Parcerisa et al., 1998; Özdemir et al., 1998). The unsaturated 

fatty acid content of the hazelnut oil gives insight about its nutritional value for 

human consumption. However, high amount of unsaturated fatty acid increases its 

sensitivity to oxidation. The rates of oxidation of fatty acids are approximately 

1:10:100:200 for stearic acid, oleic acid, linoleic acid, and linolenic acid, 

respectively. The amounts of these fatty acids in hazelnuts widely affect the rates of 

oxidation, loss in nutritional value, and shelf life of hazelnut (Ragnarsson, and 

Labuza, 1977). 

Table 2.4 Composition of hazelnut kernel varieties 

 

Moisture 

(%) 

Total oil 

(%) 

Protein 

(%) 

Carbohydrate 

(%) 

Ash 

(%) 

References 

4.73 62.21 15.4 15.53 2.09 (BaĢ et al., 1986). 

3.39 63.60 16.38 --- 2.04 (Özdemir et al., 1998). 

7.72 69.06 20.59 --- --- (Özdemir et al., 1998). 

3.90 61.21 15.35 17.3 2.24 (Alasalvar et al., 

2003). 

6.74 56.10 15.72 10.0 2.29 (Bada et al., 2004). 
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2.3.3 Chemical and physical characteristics of hazelnut oil 

2.3.3.1 General 

Hazelnut oil is produced from hazelnut kernel which is named as Corylus 

avellana L. botanically by using cold-pressed method. Usually, the pressed hazelnut 

oil is passed through refinement process to produce refined hazelnut oil. 

Characteristic properties of hazelnut oil are shown in Table 2.5 (Alasalvar, et al., 

2003; Parcerisa et al., 1998; Özdemir et al., 1998). Hazelnut oil appear clear, yellow 

to yellow-brown colour and has strong nutty smell and taste.  

 

Table 2.5 Fatty acid composition of hazelnut oil (%). 

 
Palmitic 

(C16:0) 

Palmitoleic  

(C16:1) 

Stearic  

(C18:0) 

Oleic 

(C18:1) 

Linoleic 

(C18:2) 

Linolenic 

(C18:3) 

References 

6.38 0.51 1.68 76.78 14.75 --- 
 

(BaĢ et al., 1986). 

4.52 --- 1.99 71.37 7.77 --- (Özdemir et al., 1998). 

5.58 0.2 2.7 75.27 16.15 0.12 (Parcerisa et al., 1998). 

4.85 0.16 2.73 82.72 8.89 0.1 (Alasalvar et al., 2003). 

5.26 0.19 4.3 81.37 10.28 0.13 (Bada et al., 2004). 

 

2.3.3.2 Colour 

In food industry, colour of food materials is described by different colour 

scales. Usually, the most common used methods for colour measurement are Hunter 

colour values (L, a, b), CIE systems and the Munsell colour solids (Giese, 2000). 

Colours of food materials has been determined by colour parameters including L*, a* 

and b* value accepted by the Commission Internationale d’Eclairage (CIE) 

(Papadakis et al., 2000). These parameters are accepted as an international standard 

and "L" demonstrates lightness (0 = black, 100 = white), "b" demonstrates 

chromaticity on a blue (-) to yellow (+) axis and "a" demonstrates chromaticity on a 

green (-) to red (+) axis (Rocha and Morais, 2003). Among other nut species, 

hazelnuts have a rich composition in terms of Vitamin E and magnesium. Also, 

hazelnut contains olate, β-carotene, vitamin K, lutein+zeaxanthin, phosphorus, 

copper, selenium, potassium, and zinc (King et al., 2008). Furthermore, carotenoid 
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pigments which give the yellow colour to the hazelnut oil such as β-carotene, lutein, 

and zeaxanthin are found in the hazelnut. 

2.3.3.3 Percentage of free fatty acid (FFA) 

Hazelnut oils generally contain small amount of FFA. FFA content of hazelnut 

oil raise with an extension in storage time due to inappropriate storage conditions. 

After harvesting, FFA content of the hazelnut oil is about 0.5%, while FFA content 

increases to about 1.4% as a function of storage period (TS 6581, Turkish Standard, 

2003). During storage, unsuitable handling, moisture, microbial contamination and 

other factors stimulate to dissociation of triacylglycerol that result in a dramatic rise 

in FFA (Sanders, 1979). Neutralization is applied to the refined hazelnut oil to 

remove FFA. However, crude oil deteriorates immediately due to its high FFA 

content. Therefore, the losing in nutritional quality, flavour and stability of crude oil 

occur in a short storage period (Sanders et al., 1982). 

2.3.3.4 Iodine value (IV) 

In analytical chemistry, iodine value indicates the amount of unsaturation of 

the oil. IV is an important measurement related to some chemical properties of the oil 

such as melting point, oxidative stability (Sanders et al., 1982). The sensitivity of the 

oil against oxidation and degree of unsaturation of the oil increases when the oil has 

higher IV. Among vegetable oils, hazelnut oil (IV; 81-92 g/100g) has higher degree 

of unsaturation than coconut oil (IV; 7.7-10.5 g/100g), palm oil (IV; 44-54 g/100g), 

or butter (IV; 25-42 g/100g), however, it is greatly more saturated than corn oil (IV; 

103-128 g/100g), cottonseed oil (IV; 99-113 g/100g) or linseed oil (IV; 155-205 

g/100g) (TS 6581, Turkish Standard, 2003). 
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2.3.3.5 Peroxide value (PV) 

Peroxide value is the important quality parameters of the oils related to lipid 

oxidation. During improper storage, oils can be oxidized under the influence of light, 

moisture, oxygen, metals, etc. (Warner and Mounts, 1993). The concentration of 

primary oxidation products namely hydroperoxides increase as a result of reaction of 

oxygen with unsaturated bonds.  And then, PV of the oil rise rapidly with oxidative 

reactions. Therefore, PV is an indication of the oxidative degradation of the oils. It 

means that amount of reactive oxygen per 1000 g fat (meq O2/1000g oil or fat). PV 

can be maximum 15 meq O2/ kg oil for cold pressed vegetable oils and 10 meq O2/ 

kg oil for refined vegetable oils (TS 6581, Turkish Standard, 2003). 

2.3.3.6 Antioxidant activity  

Hazelnut oil contains various vitamins and minerals. Among the vitamins, 

vitamin E especially is an important role to delay the oxidation reactions. Vitamin E 

which shows an antioxidant property is soluble in lipids. Tocopherol which is related 

to Vitamin E is organic compounds indicated antioxidant effectivity (Packer 1991). 

They work as an antioxidant agents and preserve the oils and lipid membrane against 

oxidation by reacting with lipid radicals which generate lipid peroxides. In prior 

studies, researchers studied the tocopherol content of oil produced from different 

nuts and found that highest vitamin E content is present in hazelnut oil (33.1 mg/100 

g oil) (Le Poole, 1995). And then, high amount of vitamin E are present  in almond, 

peanut, pistachio, pine nut, walnut, Brazil nut, pecan in following order, respectively. 

It has been reported that hazelnut oil has the highest amount of α-tocopherol content 

than other tree nuts (Wefers and Sies, 1988; Herrera and Barbas, 2001; Kornsteiner 

et al., 2006).  

Table 2.6 Tocopherol content of hazelnut (mg/100g). 

 

α- 

Tocopherol 

β- 

Tocopherol 

γ- 

Tocopherol 

 

References 

38.60 0.89 0.24 
(Kornsteiner et al., 2006) 

 

31.01 --- 6.12 
(Maguire et al., 1998) 

 

38.23 1.15 3.89 
(Alasalvar et al., 2003) 

 

40.45 1.96 4.19 
(Bada et al., 2004) 
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Table 2.7 Chemical and physical properties of hazelnut oil (TS 6581, Turkish 

Standard, 2003). 

 

Characteristics Value 

Flavour  Bland 

 

Colour (visual) Yellow, yellow brown 

 

FFA (as oleic acid, maximum) 0.3% 

 

IV (g/100g) 81-92 

 

PV (maximum) (meq O2/ kg oil) 10 

 

Refractive index (nD, 20
0
C)  1.4681-1.4735 

 

Dynamic viscosity (μ, Pas, 00
C ) 66-76 

 

Saponification value (mg KOH/g oil) 188-198 
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2.4 METHODS FOR MEASURING LIPID OXIDATION 

2.4.1 Peroxide Value (PV) 

PV is a measurement of the hyroperoxides which is formed by initial stage of 

lipid oxidation (Riuz et al., 2001). Therefore, it plays an important role to determine 

oxidative alterations during production and storage of fats and oils (Antolovich et al., 

2002; Riuz et al., 2001). In order to measure PV, international standard iodometric 

titration method is performed. In this method, saturated potassium iodide solution is 

added to the oil sample. The iodide reacts with hydroperoxides which is produced by 

oxidation reactions. The released iodine (unreacted) is then titrated with sodium 

thiosulfate solution which has a certain concentration (Shahidi et al., 2002; 

Antolovich et al., 2002). The PV is calculated from the used volume of the sodium 

thiosulfate solution and reported as milliequivalents of oxygen per kilogram of oil or 

fat (meq O2/ kg oil) (Kiritsakis et al., 2002). 

2.4.2 Free Fatty Acid Value (FFA) 

FFA value is an indication of deterioration of the oils resulting from hydrolytic 

rancidity. The triglycerides in the oil are decomposed during storage in inappropriate 

conditions, and then free fatty acids from triglyceride structure are released. FFA of 

the oil is determined from used volume of sodium hydroxide required to neutralize 

the free acids in 1.0 g of the substance (British Pharmacopoeia, 2000). FFA value is 

expressed as % oleic acid which is major fatty acid found in the oils (Sadowska et 

al., 2008). 

2.4.3 Iodine Value (IV)  

Iodine value or iodine number is a chemical analysis to measure the degree of 

unsaturation of the oil. The oils which are composed of more double bonds have 

higher iodine value (Thomas, 2002).  
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The principle of the analysis of iodine value is based on treatment of fatty acids 

in the oil with iodine monobromide (IBr) present in the Hanus solution or iodine 

monochloride (ICl) present in the Wijs solutions. And then, unreacted iodine 

monobromide (or monochloride) react with potassium iodide, transforming it to 

iodine. The concentration of the iodine is calculated from used volume of sodium 

thiosulfate during titration (Firestone, 1993). 

2.4.4 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR analysis is an instrumental analysis method which has used for quality 

and control in the various industrial areas (Dobarganes and Velasco, 2002; Kiritsakis 

et al., 2002). The FTIR method is a suitable method to investigate oxidation of the 

oils based on the variations in the functional groups found in oil after oxidation 

reaction. In the FTIR spectrum, an absorption band at about 2.93 μm demonstrates 

the formation of hydroperoxides. After oxidation, the absorption band at about 3.20 

μm disappears because of replacing of the hydrogen atom on a double bond or 

occurring of polymerization. An increase at 5.72 μm observes due to the formation of 

aldehydes, ketones, or acids at the end of oxidative reactions. Furthermore, cis, trans 

isomerization and formation of conjugated dienes can be assigned with the variations 

in the absorption band between the ranges of 10 μm to 11 μm (Shahidi et al., 2002). 

 2.4.5 Differential Scanning Calorimetry (DSC) 

The differential scanning calorimetry (DSC) technique has been commonly 

used instrumental method for evaluating oxidative stability of fats and oils and 

detecting the onset of oxidation (Tan and Che Man, 2002). DSC gives unique 

information about thermal energy profile of oxidation and determines the 

temperature and heat flows related with lipid oxidation as a function of time and 

temperature (Tan and Che Man, 1999a). At isothermal or non-isothermal conditions, 

DSC measures the thermal alterations which are occurred from lipid oxidation, such 

as heat flow into (endothermic) or out of (exothermic) oil sample (Velasco et al., 

2004; Tan and Che Man, 2002). The various heating time is used to determine the 

oxidation curves of the sample. A strong exothermic curve is seen in thermogram at 

the induction of oxidation. The oxidative induction time is a time where exothermic 

reaction occurs rapidly between oil and oxygen. Induction period (IP) is obtained 
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from the intersection of extrapolated baseline and tangent line (leading edge) of the 

exotherm (Figure 2.8) (Velasco et al., 2004; Tan and Che Man, 2002). 

Figure 2.8 Determination of induction period (IP) by DSC (Tan and Che Man, 

2002). 

2.4.6 Nuclear Magnetic Resonance (NMR) Spectroscopy 

NMR spectroscopy which is a safe, rapid and nonchemical technique has been 

used to evaluate lipid oxidation. The NMR spectroscopy gives reliable measurements 

associated with oxidative variations in oil samples. Therefore, it is said that NMR 

spectroscopy is more convenient method for estimating lipid oxidation than chemical 

methods (Shahidi et al., 2002). 

The oxidative deterioration of fats and oils is detected by 
1
H NMR 

spectroscopy. It determines hydrogen atoms found in various locations in the 

triacylglycerol molecules. The hydrogen atoms which are found in strong magnetic 

field absorb energy in the radiofrequency range. The variations in absorbed energy 

by hydrogen atoms occur during the oxidation process. These variations may be 

monitored by NMR spectroscopy depending on oxidation level of oils (Shahidi et al., 

2002). 

In addition to 
1
H NMR, 

13
C NMR and 

31
P NMR are also strong technique to 

estimate oxidative stability of oils (Medina et al., 1998; Diehl and Hamilton, 1998). 
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13
C NMR provides observation of carbon atoms, directly. 

13
C NMR evaluates lipid 

oxidation by monitoring the variations of carbon chains in triacylglycerol molecules, 

displaying the specific sites that oxidative degradation occurs (Medina et al., 1998). 
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 Materials 

The crude hazelnut oil was supplied from FĠSKOBĠRLĠK EFĠT Inc., Giresun). 

The chemicals required for acidity, peroxide value and iodine value (Sodium 

hydroxide (NaOH, diethyl ether, ethyl alcohol, phenolphthalein, potassium bifitalate, 

sodium thiosulfate (Na2S2O3), starch, potassium iodide (KI), chloroform, acetic acid, 

boric acid, potassium iodate (KIO3), hydrochloric acid (HCI), Wijs solution, 

cyclohexane,) were purchased from INTERLAB Chemical Company. Buffer salts, 

potassium dihydrogen orthophosphate, disodium hydrogen orthophosphate and 

sodium dodecyl sulfate (SDS) were purchased from Analar analytical reagent; BDH 

Chemical Ltd. Sodium chloride (JT Baker), sodium hydroxide (Riedel-de-Haen), 

were used. KI was obtained from Merck Company. All chemicals used were of 

analytical grade. 

3.2 Ozone Treatment of Hazelnut oil 

Ozone gas was generated by ozone generator (Ozone Marine, OMS Model, 

Izmir, Turkey) operating according to the corona-discharge method at a constant 

flow rate of 1L/min and ozone concentration was 40 mg/L. Oxygen required for 

ozone generation was provided from the air.  

A 100 ml of oil sample was placed into a glass bottle. Ozone gas was directed 

into the bottle and bubbled through the oil sample for different periods of time (1, 5, 

30, 60,180 and 360 min). Ozone treated samples and untreated sample were stored in 

a hermetically sealed glass bottle kept in a dark place at room temperature up to 120 

days and analysed at specific time intervals (5, 10, 15, 20, 30, 40, 50, 60, 75, 90 and 

120 days). 
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Figure 3.1 Scheme of ozone treatment of hazelnut oil  

3.3 Peroxide value (PV) 

        After ozone treatment, peroxide value of untreated and ozone treated hazelnut 

oil samples were determined by applying the American Oil Chemists’ Society 

(AOCS) official method. According to the AOCS official method, the following 

chemical reactions occur as shown in below: 

 

2KI + 2CH3COOH → 2HI + 2CH3COO
−
 K

+                                               
(3.1) 

R•OO•H + 2HI → ROH + H2O + I2       (3.2) 

 

        Firstly, iodine is liberated from the reaction of peroxides (R•OO•H) with 

potassium iodide in the presence of acetic acid. The liberated iodine is titrated with 

sodium thiosulfate solution. PV is calculated from following formula given in below 

(AOCS, 1998): 

                                 (   )                                                     (3.3) 

                                                                               

        where PV is the peroxide value (meq/kg fat), S is the volume Na2S2O3 used, B 

is the volume Na2S2O3 for blank, N is the normality of Na2S2O3, w is the mass of fat. 
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3.4 Free fatty acid value (FFA) 

        Free fatty acid value (FFA) is a measurement of percentage of free fatty acids 

resulting from the breakdown of triglycerides present in the vegetable oils (British 

Pharmacopoeia, 2000). FFA of the oil samples was determined by dissolving 5 g of 

each oil in 40 ml of neutral alcohol (mixture of diethyl ether and ethanol 1:1) in a 

measuring flask to obtain a solution which was titrated with sodium hydroxide in 

triplicate, using phenolphthalein as indicator. FFA was calculated as oleic acid from 

the formula shown in below; 

 

                                                                                                    (3.4) 

 

where w is the mass of oil sample, v is the volume of used NaOH.  

3.5 Iodine value (IV)  

The total number of double bonds present in the hazelnut oil samples was 

measured by using chemical methods. Iodine value (IV) is a measurement of the 

amount of iodine (in grams) which will react with the unsaturated bonds in 100 g of 

sample. IV of untreated and ozone treated hazelnut oils were measured according to 

the European Pharmacopoeia, 2004. The IV was calculated by the following formula: 

 

                                          (   )                                                      (3.5) 

 

where A is the volume of thiosulphate solution (ml) used for applied a blank 

test, B is the volume of thiosulphate (ml) solution used for the titration, and m the 

amount of substance (g). 

3.6 Viscosity Measurements 

The viscosity of untreated and ozone treated oil samples were measured by 

using a controlled stress rheometer (Bohlin CVO-R, Malvern Instruments Limited, 

UK) with cone and plates (2
0
/ 20 mm). Shear rates in the range of 0-300 s

-1
 under 

steady shear conditions were performed to oil samples and shear stress was 

determined at 25 
0
C. 
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3.7 Hunter colorimeter 

Colour of untreated and ozone treated hazelnut oil samples were measured 

using a Hunter Lab colorimeter (Colour Flex, Hunter Associates Laboratory Inc., 

Reston, Virginia, USA). The instrument (65
0
/ 0

0
 geometry, D25 optical sensor, 10

0
 

observers) was calibrated by white and black reference tiles. The colour values were 

expressed as L* related with whiteness or brightness/darkness, a* related with 

redness/greenness and b* related with yellowness/ blueness. L*, a* and b* were 

given as mean of triplicate measurements of each sample.  

3.8 Differential Scanning Calorimetry (DSC) 

3.8.1 The measurement of oxidative stability  

Differential scanning calorimetry (DSC) (Perkin-Elmer DSC 6 equipped with a 

Pyris software, Perkin-Elmer Inc., Wellesley USA) analysis was performed to 

determine oxidative stability of untreated and ozone treated hazelnut oil. The DSC 

instrument firstly was calibrated by using pure indium and the baseline of the 

thermogram was obtained by using empty open aluminium pan (Anonymous, 1995). 

About 5 mg of oil samples were weighed into the aluminium pans and then placed in 

the sample chamber of the instrument. An empty open aluminium pan which was 

used as reference. DSC was run at different isothermal temperatures (100, 110, 120, 

130, and 140 C) and purified oxygen (99.8%) was passed through the sample 

chamber at a flow rate of 50 ml/min. The T0 (oxidative induction time) of the 

oxidative reaction corresponded closely to the intersection of the extra-polated 

baseline and the tangent line (leading edge) of the exotherm. The onset time (T0) of 

the oxidation reaction (so called oxidative induction time) was determined from the 

resulting curve as the intersection of the extrapolated baseline and the tangent line 

(leading edge) of the exotherm. All DSC experiments were performed in triplicate 

and the average value of T0 was used in calculations. 

The lipid oxidation in DSC was conducted with a large excess of oxygen 

generated by a constant flow rate which allows the formation of oxidation products 

independent of the oxygen concentration (Tan et al., 2001). This allows the 

assumption of a first order oxidation reaction of oil in DSC at isothermal mode in 

many works (Tan et al., 2001; Tan and Che Man, 1999b; Micic et al., 2015). The 
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value of heat evolved at time t is proportional to the amount of reacted substrate 

(Thurgood et al., 2007). The same extent of conversion reached is observed as 

oxidation induction period at different temperatures. Therefore the induction time 

which reflects the effect of temperature is proportional to the rate constant. Kinetic 

parameters including activation energy (Ea), the rate constant (k), activation enthalpy 

(ΔH
ffi
) activation entropy (ΔS

ffi
) were calculated by methods modified from Tan et al. 

(2001). The relationship between isothermal temperatures and the kinetic rate 

constant of lipid oxidation was explained by the Arrhenius equation:                                     ( )                                                    (3.6) 

 

where k is the rate constant and determined as reciprocal T0. A (h
-1

) is the pre-

exponential factor or frequency factor. Ea (kJ mol
−1

) is the activation energy. R 

(8.314510 J K
−1

 mol
−1

) is the molar gas constant and T (K) is the absolute 

temperature. A linear least squares regression of ln (k) vs. 1/T exhibits activation 

energy and frequency factor from the slope and intercept, respectively. The 

regression of ln (k) vs. 1/T in the equation derived from activated complex theory 

gives enthalpy (ΔH
ffi) and entropy (ΔS

ffi
) of activation from the slope and interface, 

respectively,              (  )  (      )  (    )  (     )(   )                    (3.7) 

 

where kB is the Boltzmann constant (1.380658 × 10−23
 J K

−1
) and h is Planck’s 

constant (6.6260755 × 10−34
 J s).  

3.8.2 Heating and cooling thermogram analysis 

The melting and cooling profile of untreated and ozone treated oils were 

analysed by differential scanning calorimetry (DSC) (Perkin-Elmer DSC 6 equipped 

with a Pyris software, Perkin-Elmer Inc., Wellesley USA). The instrument was 

calibrated with pure indium and baseline was obtained with an empty open 

aluminium pan (Anonymous, 1995). Nitrogen gas which was used as the purge gas 

was passed through the sample chamber at a flow rate of 40 ml/min. About 5 mg of 

sample was weighed into aluminium pans and sealed. An empty aluminium pan 

which sealed hermetically was used as reference. The previous thermal history of the 

sample was deleted by heating the sample to 80
0
C in the DSC instrument and 
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holding it for 10 min. The sample was then cooled to -60
0
C at a rate of 5

0
C/min and 

held at -60
0
C for 10 min. After, the sample was heated at 5

0
C/min to 80

0
C. The onset 

(Ton) and offset (Toff) temperature and enthalpy (ΔH) of melting and cooling were 

determined from DSC thermogram.  

3.9 Gas Chromatography (GC) Analysis 

The fatty acid composition of hazelnut oil was determined by using Agilent 

7890A gas chromatograph (Agilent Technologies, Santa Clara, CA, USA) with a 

split/ splitless injector, flame ionisation detector and HP-88 capillary column (88% 

cianopropylaryl; 100 m×0.250 mm, 0.20 μm i.d.). The injector and detector 

temperatures were programmed as 250 and 260 °C, respectively. The oven 

temperature was scheduled as follows: 1 min at 120 °C, from 120 to 175 °C at 10 

°C/min, 10 min at 175 °C, from 175 to 210 °C at 5 °C/min, 5 min at 210 °C, from 

210 to 230 °C at 5 °C/min and 5 min at 230 °C. Helium was the carrier gas with a 

flow rate of 1.5 mL/min. 

 For fatty acid methyl esters (FAME) preparation, 2 mL n-hexane and 2 mL 

KOH (in methanol) were added onto 1 drop of oil and mixture was shaken 

vigorously. The supernatant (FAME) was taken and a 1µL of FAME mixture was 

injected into GC system. 

3.10 Fourier transforms infrared radiation (FT-IR) Analysis 

FT-IR analyses were applied to investigate the variations in the functional 

groups found in hazelnut oil after ozone treatment by FT-IR spectrometer (FT-IR 

100, Perkin Elmer Incorporation, USA). About 2 μl of sample were deposited 

between two disks of KBr, without any air bubble formation. The IR spectra of 

samples were measured and recorded in the 4000–650 cm
-1

 region at room 

temperature. 

3.11 Nuclear magnetic resonance (NMR) Analysis  

1
H and 

13
C NMR spectra were recorded on a Bruker Minispec spectrometer 

400 MHz at 25 
◦
C in CDCl3. All the experiments were performed under the same 

experimental conditions (about 100 µL of oil sample in 750 µL CDCl3). The reaction 
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of ozone with HO was studied by 
1
H and 

13
C NMR at certain time interval (1, 60,180 

and 360 min). 

3.12 Emulsifying Properties  

3.12.1 Preparation of Emulsions  

The emulsifying properties of the emulsions which is stabilized by whey 

protein isolate (WPI) and prepared by using untreated and ozone treated hazelnut oil 

were determined by the modified Pearce and Kinsella (1978) method. To prepare 

emulsions, 50.0% (v/v) hazelnut oil and 50.0% (v/v) of protein solution was 

homogenized using Soniprep 150 Ultrasonic Disintegrator at 72 kHz for 30 s. The 

final protein concentration of 0.25% (w/w) in emulsions. Emulsion stability and 

activity of the emulsions were measured and compared depending on containing 

ozone concentrations. Emulsions were prepared in duplicate. 

3.12.2 Emulsifying Activity and Emulsion Stability 

An about of  0.05 ml aliquot of the emulsion was pipetted from the bottom of 

the beaker at different time intervals and then diluted with 50 ml of 0.1% (w/v) SDS 

solution. The absorbance of the diluted emulsion was measured at 500 nm by using 

spectrophotometer (Pharmacia Biotech, Novaspec II, UK). After emulsion 

preparation, the emulsifying activity index (EAI) was determined immediately from 

the absorbance at 500 nm. Further, the emulsion stability index (ESI) was calculated 

from measurement of absorbance of the emulsion as a time dependent. The results of 

experiment were expressed as surface area (m
2
) per unit weight of protein used in the 

emulsions. The experiments were replicated in two times. 

                                                                                               (3.8) 

where C is the weight of protein per unit volume of aqueous phase before the 

emulsion is formed. T is turbidity and T= 2.303 A/l. A is the observed absorbance l is 

the path length of the cuvette. Ø is the volume fraction of the dispersed phase.  

 

                                                                                                (3.9) 

where ΔT is the change in turbidity, occurring during the time interval Δt. 
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3.12.3 Creaming Analysis  

The stability of the emulsions prepared with untreated and ozone treated 

hazelnut oil against creaming behaviour was determined. Also, emulsions were 

prepared from ozone treated oils to observe the effect of ozone gas on creaming. 

Firstly, a 10 ml of freshly prepared emulsion was placed into a graduated tube and 

sealed. Then, the emulsions were stored at ambient temperature (~22–24 
0
C). The 

variations in the length of serum layer of the emulsion were measured regularly as a 

time dependent at a certain time intervals. The volume of the creaming part of the 

emulsion and the initial volume of the emulsion were measured and then % creaming 

was calculated following formula; 

 

                                 *(    )+                                           (3.10) 

                 

where Vc is the volume of the creaming part of the emulsion and Vt is the total 

volume of emulsion (Anton, Beaumal, and Gandemer, 2000).  

3.13 Optical Microscopy  

In order to measure the droplet images of the emulsions, polarized light 

microscopy (PLM) was used at room temperature. A volume of 100 μL of emulsion 

was diluted in 1 mL of 0.1% (w/v) SDS solution. Then a small drop of diluted 

emulsion was placed onto the microscope slide and a cover slip was used to cover 

emulsion droplet, carefully. After a few minutes, photomicrographs (40× 

magnification) of emulsion  were  taken  by using  Olympus  BX  51 microscope  

(Tokyo,  Japan)  equipped  with  a  camera (Pixera PVC 100C, USA). 

3.14 Rheological measurement 

Dynamic   rheological   measurements   were   applied at   25±0.010
C, by a 

Bohlin CVO-R controlled stress rheometer (Bohlin Instruments, Gloucestershire, 

UK), using a plate plate geometry (40mm diameter, 1mm gap). For each rheological 

measurement, 2.0 ml of emulsion were carefully placed onto the pleateau of the 

rheometer. After the  emulsion on the pleateau has been contacted to the plate , the 

exposed surface of sample was covered  a  thin  layer  of  silicone  oil with for 

keeping away from the evaporation during  the  measurement. Frequency  sweep  
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tests (1  Pa  stress  value    at  25
0
C  )  were  performed in the linear  viscoelastic 

region (0.01 to 10 frequency (Hz)). The elastic (G′) and viscous (G″) moduli were 

measured against frequency. Data analysis software (Reowin Pro Data Manager 

Version 2.64) was used to analyse rheological parameters (elastic, viscous modulus, 

phase angle etc.). 

3.15 Microbial Analysis 

Total plate count (ISO 4833-1, 2013), yeast and mold count (ISO 21527-2, 

2008) were applied to ozonated hazelnut oil and untreated oil as control. In order to 

investigate the influence of ozonated hazelnut oil on microbial growth, the ozonated 

hazelnut oils and untreated hazelnut oil as control were added to inoculated plates 

and then cultivated. Applying different ozone treatment time (15 and 60 min) to the 

hazelnut oil. The microbial analyses were performed triplicate.  

3.16 Statistical Analysis 

The SPSS Statics 16.0, version 2.0 (2006), (SPSS Inc., Chicago) was used for 

all statistical analysis. Experimental results were evaluated by using analysis of 

variance (ANOVA). Duncan multiple range test method was performed to determine 

that the data is significantly different from each other.  The results were evaluated as 

significant when means of compared parameters differed at p<0.05 significance 

level.  
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Peroxide value (PV) and free fatty acid value (FFA)  

Peroxide value (PV) and free fatty acid (FFA) value for the untreated and 

ozone treated hazelnut oils are shown in Table 4.1. PV indicates that the oil 

deterioration in the presence of oxygen. High level of PV in the oils forms when the 

oil exposed to oxygen molecules due to oxidative rancidity. Peroxides which are 

oxygenated compounds are produced during oxidation reactions between the oxygen 

and the double bond present in the oil structure. Further, FFA in the oils released 

resulting from hydrolytic rancidity of the oils. Hydrolytic rancidity can occur in the 

oils while the oil is stored in unfavorable conditions such as excessive moisture, high 

temperature, light, oxygen, metal contamination, etc. During hydrolytic rancidity, 

triglycerides in the oils can break down to diglycerides, monoglycerides, and 

unbound fatty acids, respectively. Thus, the FFA value increases when the oil is 

exposed the inadequate conditions. As seen in the Table 4.1, the first row represents 

the variation in PV and FFA of untreated and ozone treated oil samples immediately 

after ozone treatment. The others indicate the PV and FFA of oil samples measured 

after being stored for predetermined periods. All PV and FFA values in Table 4.1 

were statistically analysed and they showed significant differences (p<0.05). 

Statistically that there was no interaction between ozone treatment period and storage 

time (p>0.05). PV increased with respect to the ozone treatment time, dramatically, 

while a slight increase in PV was observed as a function of storage time.



 

 
 

Table 4.1 Peroxide and free fatty acid values of untreated and ozone treated hazelnut oils. 

 

Each value in the table represents the mean ±standart deviation of triplicate analyses. Abreviations: FFA, free fatty acid; PV, peroxide value. Values 

with different letters in each column and rows are significantly different (p < 0.05).  First letter shows that comparison of changes in PV and FFA 

values of the untreated and ozone treated samples as a function of storage time (day), second letters shows  that  comparison  of changes in PV and 

FFA values of the untreated and ozone treated samples with ozone treatment time (min), separately. 

  4
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In the study, PV of untreated and ozone treated hazelnut oils were measured as a 

function of storage time and also with different ozone treatment time. Ozone treated and 

untreated oils were stored in a dark place at 20°C up to 150 days. This period was 

assumed to be long enough to observe the oxidative changes (Seydim and Ertekin, 

2006). It was observed that the PV of ozone treated oil samples raised with increase in 

storage period. The increase in PV in 150 days was observed as to be 3.13 times higher 

in untreated oil. The raise in PV in ozone treated oil samples were found as 4.92, 3.27, 

1.60, and 1.52 times for 1, 5, 60 and 180 min ozone treatments, throughout the same 

storage period, respectively. The increase in PV was observed to slow down in 60 and 

180 min ozone treatment, since the oxidation of oil was expected to accomplish during 

ozone treatment. A reduction in the reaction rate was occurred because of disappearance 

of the double bond with increasing in ozone treatment time (Zanardi et al., 2008). 
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Figure 4.1 Changes in PV of untreated and ozone treated hazelnut oil as a function of 

storage time.( ●; HO, ○; OHO1; ▼; OHO5, Δ; OHO60; ■  ; OHO180). 
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As shown in Figure 4.2, an exponential increase in the PV of oil samples with the 

increase in ozone treatment time was observed. While PV of untreated oil was measured 

as 12.1 meq/kg oil, PV were 15.91, 33.72, 120.63, and 207.25 meq/kg oil for 1, 5, 60, 

and 180 min ozone treated samples, respectively. The increase in PV with respect to 

untreated sample is 17 times after 180 min ozone treatment. PV of oil is used as a 

measure of the extent to which oxidative rancidity reactions have occurred during ozone 

treatment. As the treatment time is extended, more ozone molecules contact the sample 

of oil, whose volume was kept constant in each ozone treatment, causing an extensive 

oxidation. PV of ozone treated oil samples correlate well with data in previous studies 

on different vegetable fats and oils in relation to the ozone treatment time (Sadowska et 

al., 2008). The reaction of ozone with vegetable oils occurs in double bonds present in 

unsaturated fatty acids. After oxidation reactions, the several compounds such as 

hydroperoxides, ozonides, aldehydes, peroxides, diperoxides and polyperoxides are 

generated (Bailey, 1982). Hence, the chemical and structural properties of the oils can 

change. Researchers stated a higher PV in ozone treated soybean oil as compared to 

olive oil which could be explained by the presence of high proportion of unsaturated 

fatty acid chains in soybean oil than olive oil (Sadowska et al., 2008). 
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Figure 4.2 Changes in peroxide values of hazelnut oil samples with ozone treatment 

time. 

A rise in FFA of the oil samples was observed when they were measured 

throughout the storage period (Figure 4.3). FFA of untreated oil increased 1.24 times in 

150 days, whereas FFA of ozonated oil samples increased 1.36, 1.41, 1.69, and 2.32 

times for 1, 5, 60, and 180 min ozone treatments, respectively. As expected, the highest 

FFA value was seen in oil sample ozonated for 180 min and stored for 150 days (Table 

4.1), resulting from a high amount of ozone exposure. Recently, it has been reported that 

partial hydrolysis takes place during the ozonation process gives a rise unbound fatty 

acids which gave fats an acidic feature (Skalska et al., 2009). Additionally, all oils and 

fats, depending on minor components including moisture and other impurities together 

with storage temperature, air (oxygen) concentration, and light can exhibit oxidation 

during storage which is likely to release free fatty acids (Syed, 2016; Fu et al., 2016). In 

a recent study, it has been revealed that monounsaturated fatty acid content of soybean, 

canola, and corn oils were slightly increased during storage exhibiting a common trend 

which was an increase in the monounsaturated fatty acid content and a decrease in that 
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of polyunsaturated fatty acids (Syed, 2016). Considering that, fat molecules which were 

already exposed to oxidation with ozone, might be more sensitive to oxidation during 

storage resulting from structural changes. This may cause an inevitable increase of FFA 

values after storage period.  
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Figure 4.3 Changes in free fatty acid values of untreated and ozone treated hazelnut oil 

as a function of storage time.( ●; HO, ○; OHO1; ▼; OHO5, Δ; OHO60; ■  ; OHO180). 

As well as PV, FFA of oils is very important in terms of quality measurements in 

the food industry. In the present study, FFA of oil samples was measured as a function 

of ozone treatment period and also, as a function of storage time (Table 4.1, Figure 4.3 

and 4.4). As seen in Figure 4.4, while FFA value of untreated oil sample was measured 

as 0.0145 % oleic acid, the FFA of ozone treated oils were 0.0155, 0.0157, 0.0174 and 

0.0201 % oleic acid for 1, 5, 60, and 180 min ozone treatment, respectively. FFA of oil 

samples were observed to increase as much as 1.06, 1.08, 1.20, and 1.38 times in ozone 

treated samples for 1, 5, 60, and 180 min ozone treatment, respectively. An increase in 

the FFA value correlates well with the increase in PV in the ozone treatment process. In 

a previous study (Skalska et al., 2009), it was noticed that acidity number of sunflower 
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oil increase with increase of ozone dosage. Also, it was reported that the fatty acid was 

oxidised rapidly and the acid value and peroxide value would increase when peanuts 

were treated with high concentration ozone for a long time (Chen et al., 2014).  
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Figure 4.4 Changes in free fatty acid values of hazelnut oil samples with ozone 

treatmenttime.
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4.2 Iodine value (IV) 

Table 4.2 Changes in iodine value (g/100g oil) of untreated and ozone treated hazelnut oil. 

 
Storage 

time 

(days) 

Iodine value (IV) (g/100g) 

HO OHO1 OHO5 OHO30 OHO60 OHO180 OHO360 

0 95.47±0.1a,a 72.08±0.3b,a 65.09±0.5c,a 32.13±0.1d,a 22.30±0.4e,a 18.27±0.1f,a 13.46±0.3g,a 

5 92.54±0.2a,a 70.95±0.2b,a 64.74±0.4c,a 32.32±0.5d,a 20.90±0.6e,a 18.09±0.4f,a 13.67±0.5g,a 

10 93.36±0.2a,a 72.08±0.1b,a 64.56±0.5c,a 31.95±0.7d,a 22.23±0.2e,a 17.44±0.5f,a 13.96±0.3g,a 

15 92.45±0.1a,a 71.66±0.1b,a 63.95±0.7c,a 31.95±0.3d,a 21.97±0.7e,a 18.25±0.2f,a 13.54±0.2g,a 

20 95.36±0.3a,a 71.85±0.5b,a 64.11±0.3c,a 32.08±0.3d,a 21.76±0.5e,a 18.40±0.3f,a 13.51±0.1g,a 

30 92.34±0.1a,a 72.02±0.2b,a 63.85±0.1c,a 32.17±0.4d,a 21.76±0.5e,a 18.02±0.7f,a 13.79±0.5g,a 

40 95.23±0.4a,a 72.05±0.4b,a 64.19±0.5c,a 31.38±0.8d,a 21.54±0.2e,a 17.93±0.7f,a 13.48±0.6g,a 

50 95.01±0.8a,a 72.18±0.9b,a 65.24±0.4c,a 31.89±0.2d,a 21.24±0.3e,a 17.42±0.1f,a 13.22±0.4g,a 

60 92.43±0.2a,a 72.34±0.6b,a 63.39±0.9c,a 32.43±0.5d,a 21.93±0.7e,a 18.35±0.3f,a 13.59±0.5g,a 

75 95.27±0.2a,a 71.98±0.3b,a 64.78±0.1c,a 32.03±0.3d,a 22.14±0.1e,a 18.17±0.3f,a 13.64±0.2g,a 

90 94.33±0.5a,a 72.52±0.1b,a 64.24±0.4c,a 32.38±0.2d,a 22.28±0.5e,a 18.08±0.7f,a 13.23±0.2g,a 

120 95.11±0.3a,a 72.10±0.1b,a 65.32±0.6c,a 32.42±0.5d,a 22.20±0.3e,a 18.24±0.9f,a 13.88±0.7g,a 

Each value in the table represents the mean ±standard deviation of double analyses.  

4
6
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Iodine numbers give information about the amount of double bonds in 

unsaturated fatty acids which react with iodine compounds. The higher the iodine 

number shows the more double bonds are present in the lipids (Thomas, 2002). 

Hazelnut oil, was composed of a high amount of monounsaturated fatty acids, 

particularly oleic acid (79.15%), and also polyunsaturated fatty acids, especially 

linoleic acid (11.43%) and small amount of gandoic acid (0.181%) (Table 4.12). As 

illustrated in Table 4.2, the IV of hazelnut oil was 95, approximately.  In previous 

work, the iodine value of the hazelnut oil ranges from 90.6 to 97.4 (Xu et al., 

2007).In present work, IV of the untreated and ozone treated oil samples were 

measured by iodimetric titration method, chemically. It was determined that IV of 

untreated and ozone treated hazelnut oil samples was significantly different 

(p<0.05). 
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Figure 4.5 Changes in iodine value (g/100g oil) of hazelnut oil with ozone treatment 

time. 
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Figure 4.6 Changes in iodine value (g/100g oil) of untreated and ozone treated 

hazelnut oil as a function of storage time (●; HO; ○; OHO1, ▼; OHO5, Δ; OHO30, 
■; OHO60, □; OHO180, ♦; OHO360).  

The IV of samples dramatically reduced with ozone treatment time (Figure 

4.5). A sharp reduction in iodine values of samples were observed after ozone 

treatment, whereas the iodine values of ozone treated samples slightly changed as a 

function of storage time. Statistical results showed that the change in IV as a function 

of storage was not significantly different (p>0.05) (Figure 4.6). During ozonation 

reaction, ozone reacted with double bonds found in the unsaturated fatty acid of 

hazelnut oil. This view was verified by the decrease in IV with ozone treatment time, 

indicating a measure of unreacted double bonds. The result was correlated with a 

change in unsaturated fatty acid composition of hazelnut oil after ozone treatment 

(Table 4.12). Zanardi et al., (2008) reported that IV of sesame oil samples decreased 

with ozone treatment. The IV is indicative that double bonds in the oil samples 

reacted with ozone result from double bond disappearance. Tan and Man (1999a) 

reported that IV of oils reduced with heating process and this showed deterioration in 

oils during heating. Skalska et al., (2009) stated that almost all unsaturated bonds in 

the oils were saturated in the oxidation reaction with ozone. 
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4.3 Viscosity measurement 

Figure 4.7 shows that flow behaviours of control and hazelnut oils treated with 

ozone for 1, 5, 30, 60, 180 and 360 min. The flow behaviours of untreated and ozone 

treated hazelnut oil samples were described by steady shear measurements at 25 
0
C. 

All of the samples exhibited the similar flow behaviour which could be described by 

straight lines as illustrated in the Figure 4.7. The figure showed that the shear stress 

linearly increased with shear rate. Therefore, this type of flow behaviour was 

characterised by the formula shown in below 

                                                                       (4.1) 

where   is shear stress,   is shear rate, and   is viscosity. The viscosity of the 

untreated and ozone treated oils was calculated from the slope of the curve. In 

previous studies, it was stated that fresh vegetable oils exhibited Newtonian flow 

behaviours (Santos et al., 2004). However the viscosity values of the oil samples 

varied distinctly depending on the ozone treatment time. The highest viscosity was 

observed at 360 min ozone treated oil samples followed by 180, 60 and 30 min, 

respectively. However, the viscosities of 1 and 5 min ozone treated samples were 

observed as close to the viscosity of crude oil. The increase in viscosity of HO with 

respect to ozone treatment time could be explained with the decrease in unsaturation 

(Abramovic and Klofutar, 1998, Sega et al., (2010). Adhvaryu et al., (2000) reported 

that as the oxidation reactions proceed, products formed lead to oil thickening. This 

was explained that van der Waals interactions in the oil molecules increased because 

of the disappearance of the double bonds (Zanardi et al., 2008). The alteration of the 

unsaturated bond influences the mobility and the reactivity of the molecules in the 

reaction. The reaction of ozone with unsaturated fatty acids generates different types 

of peroxidic compounds as explained by the Criegee mechanism. Van der Waals 

interactions of these peroxidic compounds increase to form species having high 

molar masses. Therefore, ozonation of double bond in oils increase the viscosity, due 

to those high molar mass species. However, the viscosities of untreated and ozone 

treated HO was not observed to change with respect to storage time. Sega et al., 

(2010) reported that double bonds of sesame oil decreased and peroxide value and 

viscosity of sesame oil increased with ozone treatment.  
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Figure 4.7 Curves of shear stress vs. shear rate of untreated and ozone treated 

hazelnut oils.(●; HO; ○; OHO1, ▼; OHO5, Δ; OHO30, ■; OHO60, □; OHO180, ♦; 
OHO360.  

Figure 4.8 shows that changes in viscosities of untreated and ozone treated 

hazelnut oil samples as a function of storage time up to 120 days. As shown in the 

figure, the viscosity values of untreated and ozone treated hazelnut oil samples 

cannot change as a function of storage time, dramatically. It could be evaluated that 

the change in viscosity of ozone treated hazelnut oil was related with amount of 

unsaturated fatty chain. Therefore, it might be said that the amount of double bonds 

of ozone treated oils could not change as a function of storage time. However, the 

change in viscosity as a function of storage time did not show a correlation with the 

change in PV and FFA. As mentioned in previous section, PV and FFA values of 

ozone treated oils increased as a function of storage time. As a result, it can be 

evaluated that ozone chemically reacted with the unsaturated double bond in the 

hazelnut oil during ozone treatment process. The oxidation reactions can proceed 

with storage time, mostly leading to form several oxygenated compounds. 

Hydroperoxides known as primary oxidation products can be produced firstly and 

then they decompose to secondary oxidation products (aldehydes, ketones, alcohol, 

and hydrocarbons). Adhvaryu et al., (2000) reported that as the oxidation reactions 

normally progress, oxidation products to form viscous materials, leading to oil 
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thickening. In addition, during oxidation reactions, oleic acid which is predominant 

unsaturated fatty acid in hazelnut oil was broken; results in the hazelnut oil become 

saturated (Souza et al., 2004). 
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Figure 4.8 Changes in viscosity values of untreated and ozone treated hazelnut oils 

as a function of storage time (●; HO; ○; OHO1, ▼; OHO5, Δ; OHO30, ■; OHO60, 
□; OHO180, ♦; OHO360).  
 

 The fatty acid composition of untreated and ozone treated hazelnut oil were 

analysed by gas chromatography. Hazelnut oil, as expected, was composed of a high 

amount of monounsaturated fatty acids especially oleic acid (79.15%), and also 

polyunsaturated fatty acids, particularly linoleic acid (11.43%) and small amount of 

gandoic acid (0.181%) (Table 4.12). As shown in this table, the major unsaturated 

fatty acid of hazelnut oil was oleic acid (C18:1). According to chromatograms, it could 

be determined that composition of unsaturated fatty acid of the hazelnut oil 

decreased with ozone treatment time. Figure 4.9 shows relationship between 

viscosity and oleic acid composition. The viscosity values of control and ozone 

treated oils were plotted against percentages of oleic acid found that in oils. It was 

obtained that there was a highly positive correlation between them (R
2
=0.951). The 

result demonstrated that oleic acid composition of hazelnut oil had more effect on the 

flow behaviour characteristic of oil. Especially, an increase in the viscosity values 
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was observed when oleic acid composition of hazelnut oil reduced with ozone 

treatment time. The increases in viscosity values were 0.085, 0.106, 0.169, and 0.485 

Pa.s and the changes in fatty acid composition of oils were 79.15, 72.90, 45.80, and 

10.81 % for control and ozone treated oils for 60, 180 and 360 min, respectively. 

Therefore, it could be said that viscosity values of hazelnut oil increased 5.7 times 

with ozone treatment for 360 min. In previous studies, it was reported that viscosity 

of oils depends on the unsaturated fatty acid composition of them. They reported that 

viscosity of oils decreased with a rise in unsaturated fatty acid content of oils (Kim et 

al., 2010). Since, unsaturated fatty acid contains one or more double bond in its fatty 

acid chain. Double bonds may be in either a cis or a trans form related with the 

geometry of the double bond. This bonds which form a twist in the fatty acid chain 

do not allow fatty acids to come together. Consequently, fatty acids which contain 

double bonds have a lower melting point. Skalska et al., (2009) stated that viscosity 

of ozone treated sunflower oil increased with ozone treatment process. Furthermore, 

the viscosity could be related with dimensions and orientation of oil molecules. The 

decrease in unsaturated bonds present in the oil contributed to an increase in 

viscosity of ozone treated oils (Sadowska et al., 2008).  
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Figure 4.9 Correlation of oleic acid (C18:1) composition of untreated and ozone 

treated oils with viscosity (R
2
=0.951)    

http://en.wikipedia.org/wiki/Fatty_acid
http://en.wikipedia.org/wiki/Double_bond
http://en.wikipedia.org/wiki/Double_bond
http://en.wikipedia.org/wiki/Cis%E2%80%93trans_isomerism
http://en.wikipedia.org/wiki/Molecular_geometry
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4.4 Hunter colorimeter 

Hazelnut oil is a natural material which includes fatty acids, pigments, 

vitamins, water soluble and volatile compounds. Hazelnut oil contains high amount 

of oleic acid and a small amount of linoleic compared to other nut oils. It contains a 

unique amount of vitamin E (α-tocopherols) and sterols (Alasalvar et al., 2003). 

Carotenoids in nut oils are β-carotene, lutein+zeaxanthin (King et al., 2008). In 

previous studies, it was reported that the main pigments of olives are the chlorophylls 

and the carotenoids and refined palm oil contains β -carotene and vitamin E (Cloo et 

al., 1993; Poku, 2002). Carotenoid pigments which give red or yellow colour to the 

oils contain one or more double bonds. Carotenoids are composed of a polyenic 

chain which contains double bonds from 3 to 15(Melendez-Martinez et al., 2007). 

The carotenoids can be influenced reactions of oxidation and hydrolysis because of 

including unsaturated polyenic chain. The trace amounts of several compounds 

which have a low molecular weight are formed resulting from the oxidation of 

carotenoids. Depending on the concentration of ozone, the percentage decay of the β-

carotene increases due to possible Criegee mechanism. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

54 

 

Table 4.3 L*, a*, b*and Y1 values of untreated and ozone treated hazelnut oils. 

 

Ozone 

treatment 

time (min) 

Hazelnut oil  

L* 

 

a* 

 

b* 

 

 

Y1 

 

 

0 

 

 

63.37±2.2a 

 

 

 

-3.18±0.2a 

 

 

 

57.16±1.5a 

 

 

 

93.23±2.4a 

 

 

1 

 

61.54±2.5a 

 

-3.25±0.5a 

 

28.52±1.8b 

 

56.83±0.5b 

 

5 

 

58.75±3.7a 

 

-3.71±0.5a 

 

15.22±0.8c 

 

32.74±3.21c 

 

30 

 

57.56±2.3a 

 

-3.28±0.8a 

 

13.13±0.7d 

 

29.05±1.54d 

 

60 

 

58.34±3.2a 

 

-2.61±0.5a 

 

9.06±1.3e 

 

20.06±2.21e 

 

180 

 

57.99±2.7a 

 

-2.33±0.8a 

 

7.37±0.9f 
 

16.26±1.56f 

 

360 

 

61.44±3.2a 

 

-2.61±0.7a 

 

2.63±1.3 g 

 

13.32±1.32g 

Each value in the table represents the mean ±standart deviation of triple analyses. 
Letters show that comparison of changes in colour parameters with ozone treatment 

time. 

Table 4.3 and Figure 4.10 showed that changes in colour parameters (L*, a*, 

b*and Y1 values) of untreated and ozone treated hazelnut oils. As illustrated in table 

4.3 and figure 4.10, it was observed that b* (b+ yellowness and b- blueness) and Y1 

(yellowness index) values of oil samples reduced with ozone treatment time, 

dramatically when a* (a+ redness and a- greenness) values increased with ozone 

treatment time, slightly. L* (lightness) values changed with ozone treatment time 

slightly. The statistical results showed that changes in b* and Y1 values was 

significantly different (p<0.05) with ozone treatment time, but, it was determined 

that there were no significant (p>0.05) changes in a* and L* values with ozone 

treatment time. Therefore, It may arise from the pronounced effect of ozone 

treatment on carotenoid pigments which give yellow colour of the oils. The colour of 
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hazelnut oil and turned pale as ozone treatment time increased. The loss in the colour 

of oils was more evident after 360 min ozone treatment. This was correlated well 

with previously reported studies. Carotenoids in nut oils are β-carotene, lutein, 

zeaxanthin (King et al., 2008).   

Ozone treatment time (min)
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Figure 4.10 Changes in color parameters of untreated and ozone treated hazelnut oils 

with ozone treatment time (●; L*, ○; a*,▼; b*, Δ;Y1).  

4.5 DSC kinetics 

Oxidative stability of ozone treated hazelnut oil was evaluated using kinetic 

parameters, the rate constant (k), the activation energy (Ea), activation enthalpy 

(ΔH
ffi), activation entropy (ΔS

ffi
). The ozone treatment process was carried out at 

20°C, because the solubility of oxygen decreases by almost 25% for each 10°C rise 

in temperature (Tan et al., 2001). Oleic acid is the main unsaturated component in the 

hazelnut oil. The ozone treatment time for complete consumption of double bonds 

has been reported to be 2.26 h for oleic acid, and up to 20 h for oils (Sadowska et al., 

2008). For the ozone oxidation to be accomplished, the samples were kept in a dark 

environment for 20 hours at 20°C, before the analyses were conducted. The stability 

of ozone oxidized hazelnut oil to thermal oxidative decomposition was carried out at 
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high isothermal temperatures in DSC. The oxygen was kept in large excess providing 

that the concentration of it was very high compared to the amount of oil. The 

substrate concentration remains nearly constant for the reaction allowing the 

assumption that the reaction is a first order reaction which is an essential assumption 

for the calculation of kinetic parameters (Micic et al., 2015). DSC method allows the 

detection of energy necessary for the transfer of oxygen molecule to an unsaturated 

fatty acid which was observed as an exothemic change. The oxidative stability of the 

oils was estimated on the basis of the oxidation induction time (T0) (Tan and Che 

Man, 1999a) detected from the resulting thermogram at different isothermal 

temperatures (373, 383, 393, and 403K). Figure 2.8 shows the curves of oxidation at 

which the induction period was observed as the intersection of the extrapolated 

baseline and the tangent line to the leading edge. Thermal oxidation rate constant (k) 

of untreated and ozone treated hazelnut oil samples were determined as the 

reciprocal of induction time, considering that T0 is proportional to the effect of 

temperature on the rate of thermal lipid oxidation as the concentration is assumed to 

be constant. 

Table 4.4 The reaction rate constant (k) of untreated and ozone treated oils different 

temperatures. 

 

Each value in the table represents the mean ± standard deviation of triplicate 
analyses. First letter shows that comparison of k values of untreated and ozone 

treated samples individually, for each temperature, second letters shows that 

comparison of k values of the untreated and ozone treated samples with each other’s 
for each temperature. 

 

 

 
Reaction rate constant at different isothermal temperatures, k (x10

3
 min

-1
) 

 
373 K 383 K  393 K  403 K  

HO  1.80±0.05a,a  3.70±0.2b,a  7.80±0.3c,a  16.90±2.1d,a   

OHO1  2.07±0.7a,b  4.12±0.9b,b  8.28±1.2c,b  16.94±1.5d,b  

OHO5  7.02±0.8a,c  14.11±2.3b,c  28.20±0.8c,c  56.49±2.7d,c  

OHO60  12.80±1.1a,d  25.68±3.2b,d  51.65±0.9c,d  103,62±4.2d,d  

OHO180  17.52±0.6a,e  35.10±2.1b,e  68.77±0.8c,e  137.36±3.9d,e  
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Table 4.4 shows the change in k values of untreated and ozone treated hazelnut 

oils at isothermal temperatures applied in DSC. Those k values of oil samples were 

analysed statistically with respect to isothermal temperature and with respect to 

ozone treatment time separately, and found to be significantly different (p<0.05). 

Also, there was statistically no interaction between isothermal temperature and 

ozonation period (p<0.05). As seen in Table 4.4, a dramatic increase in rate constant 

was observed as the isothermal temperature was increased for each ozonated sample. 

k values also showed an exponential rise with the increase of ozone treatment time. 

At 373 K, k value increased almost 10 times with ozone treatment of 180 minutes.  

Consequently, it was determined that rate of oxidation reaction can be increased with 

ozone treatment time. Ozone reacts with double bonds of the oils and causes 

oxidation of unsaturated fatty acids. Cataldo (2003) stated that ozone attacks the 

unsaturated fatty acids present in oils with the possible consequent lipid 

peroxidation. It has been detected that unsaturated fatty acid composition of the oils 

decreases with ozone treatment (Thurgood et al., 2007). Generally, edible oils 

including high amount of unsaturation exhibits more sensitivity to oxidation. The 

range of oleic acid (C18:1) content of hazelnut oil has been found ranging from 

73.48% to 81.57% (Balta et al., 2006). However, untreated hazelnut oil showed that 

higher oxidative stability than ozone treated oils, even though it is composed of a 

high quantity of oleic acid and it is commonly known for its resistance to oxidative 

degradation. This resistance is likely related to it’s the large quantity of α-tocopherol 

composition. The α-tocopherol which is a natural antioxidant is found in nuts oils 

(Parcerisa et al., 2000). Although it has been known that a higher level of 

unsaturation favours oxidation process, presence of antioxidants plays an important 

role in the rate of lipid oxidation. Tocopherols are very efficient antioxidant agents 

and give hydrogen on the hydroxyl group to lipid peroxyl radical. α-Tocopherol 

hinders the propagation step of lipid oxidation and retard  oxidation rate. Researchers 

investigated the tocopherol content of oil which is extracted from different nuts and 

reported that hazelnut oil has highest quantity of tocopherol content (33.1 mg a-

tocopherol equivalents/100 g oil) (Kornsteiner et al., 2006). Therefore, the chemical 

composition of the oil influences its oxidative stability. The influence of α-

tocopherol as an antioxidant is associated with the concentration of tocopherol in the 

food material. At low concentrations, it exhibits antioxidant behaviour, but at high 

concentrations an act as a prooxidant (Jung and Min, 1990) which is clearly 
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demonstrated by the increased oxidation rate during the induction period, but this 

situation may or may not be related with the length of the induction period. The 

behaviour was suggested to be evaluated as the ratio of induction period in the 

presence and absence of the antioxidant, which is more critical, and the ratio of the 

rate of oxidation in the presence and absence of the antioxidant (Kamal-Eldin and 

Budilarto, 2015). The proposed mechanisms for the prooxidant behaviour of 

tocopherol at high concentration are chain transfer reaction by the tocopheroxyl 

radical to abstract a hydrogen atom from fatty acid or hydroperoxide, autoinitiation 

by the decomposition of hydroperoxide, formation of intermediate radicals, and 

reactions of the oxidized products of tocopherol (Chapman et al., 2009). The loss of 

antioxidant efficacy and the reduction in the rate of oxidation reaction may make the 

evaluation of lipid oxidation by kinetic approach difficult. However, in the 

interpretation of the oil oxidation stability through kinetic parameters few 

assumptions have been taken into consideration. The threshold concentration of 

tocopherol for the prooxidant behaviour is 1 mmole/L, which is more than the 

tocopherol content of the hazelnut oil (Naumov and Vasil’ev, 2003). The reaction 

rate between α-tocopherol and a radical is 10000 times greater than that between the 

radical and another lipid molecule and heating at high temperature caused rapid 

tocopherol degradation (Chapman et al., 2009), which increases the probability of 

tocopherol degradation mainly in the ozonolysis of oil rather than in the thermal 

oxidation by DSC. Therefore, the results presented exhibits a good approximation for 

the prediction of the oxidative stability of the ozone treated hazelnut oil. It has been 

detected that unsaturated fatty acid composition of the oils decreases with ozone 

treatment (Thurgood et al., 2007). This has been confirmed by the measurement of 

IV in our study and it was found that IV of untreated oil and 1,5,60 and 180 min 

ozone treated oil were 95.47, 72.08, 65.09, 22.30 and 18.27 (g/100g oil), 

respectively. However, a discrepancy was observed between the IV and the oxidation 

reaction rate constant obtained by thermal analysis. Although IV of untreated 

hazelnut oil was high, it showed almost 10 times slower oxidation rate as compared 

to 180 min ozone treated hazelnut oil (Table 4.4). This may be explained by the 

presence of a high FFA content which was exposed due to partial hydrolysis taking 

place during the ozonation process (Skalska et al., 2009). This was also evidenced by 

increased FFA in ozonated samples (Table 4.1). It has been (Tan et al., 2001) found 

that free fatty acids are more prone to oxidation compared to fatty acids bound to 
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glycerol backbone. Furthermore, Kang and Dasgupta (1999), informed that oxidation 

is a very complex process at which generation of several oxidation products 

including several intermediates. The oxidation rate constant of these compounds are 

different from each other. Thurgood et al., (2007) stated that the relationship between 

oxidation rate in lipids and degree of unsaturation of fatty acids present in the oil was 

not straightforward. They reported that there might be several interactions between 

different fatty acids responsible for the lack of linearity observed in the oxidation 

kinetics of complex lipid mixtures. Therefore, it is not true to measure the extent of 

oxidative degradation in terms of a single parameter, i.e. unsaturated fatty acids. We 

have noticed that chemical standard analyses have important effect on the oxidation 

reactions.



 

0 

 

 

Table 4.5 Changes in kinetic constants for ozone treated (1 min) hazelnut oil with storage period. 

 

 

Each value in the table represents the mean ± standard deviation of double analyses. Abbreviations: k, reaction rate constant; Ea, 

activation energy; ∆H
ffi
, enthalpy of formation of the activated complex; ∆S

ffi
, entropy of formation of the activated complex. The letters 

show that comparison of each kinetic parameter as a function of storage time. 

Time  

(day)   
OHO1  

 
k x 10

-3

 ( min 
-1

)  

Ea  

(kJ mol-1)  

ΔHffi 

(kJ mol-1)  

ΔSffi 

(J K-1mol-1)  

 
373 K  383 K  393 K  403 K  

   

0  2.07±0.05  4.15±0.5  8.28±0.07  16.68±0.31  86.72±0.25a  83.51±0.20a  -74.41±0.91a  

3  2.15±0.08  4.31±0.5  8.64±0.13  17.42±0.27  86.91±0.33a  83.70±0.37a  -73.56±0.55a  

14  2.28±0.07  4.57±0.5  9.16±0.09  18.28±0.55  86.58±0.41a  83.36±0.42a  -73.98±1.32a  

30  3.99±0.1  7.95±0.5  16.05±0.24  31.54±0.62  86.25±0.37a  83.02±0.35a  -72.87±0.75a  

60  4.75±0.05  9.48±0.5  18.97±0.23  37.97±0.36  86.52±0.35a  83.30±0.18a  -73.13±0.34a  

90  4.84±0.09  9.71±0.5  19.49±0.12  38.81±0.47  86.68±0.45a  83.46±0.23a  -73.21±0.15a  

   6
0
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Table 4.5 shows the change in k, Ea, ΔH
ffi, ΔS

ffi
 of ozonated hazelnut oil as a 

function of storage time. The kinetic parameters were calculated for oil samples 

ozonated for 1 min and stored up to 90 days. Untreated and treated oil samples were 

stored in hermetically sealed glass bottle and dark place at room temperature. 

Samples were analysed by DSC at specific time intervals (0, 3, 14, 30, 60, and 90) at 

different isothermal temperatures (373, 383, 393, and 403K). Based on Arrhenius 

equation, the slope of plots ln k versus 1/T gives the activation energy divided by the 

molar gas constant, ΔHffi
 and ΔSffi

 values of ozonated oils were determined by 

regressing ln (k/T) versus 1/T plot via Eyring equation. As seen in table 4.5, the 

statistical analysis of kinetic parameters didn't show a significant difference (p>0.05). 

The change in Ea, ∆H
ffi
, ∆S

ffi
 during storage for 90 days were in the range of 

experimental error. Contrary to observations in PV and FFA which were observed to 

increase during storage (Table 4.1), kinetic parameters indicated that the storage 

period did not affect the temperature sensitivity, rate of oxidation  reaction, and 

hence the quality change or deterioration of ozone treated oil samples. This may be 

related with the composition of oil sample that the oxidation that was detected by 

DSC might reflect more the extent of unsaturation rather than the formation of 

oxidation products. 

 

Table 4.6 Kinetic constants for untreated and ozone treated hazelnut oil at different 

ozone treatment times. 

Ozonation time   

( min)  
     E

a 
(kJ mol 

-1

)  

                     

ΔHffi
(kJ mol 

-1

)          ΔSffi
 (J K

-1

mol
-1

)  

0 91.44±0.21a 88.33±0.34a -75.03±0.30a 

1 87.72±0.10b 84.51±0.35b -74.41±0.27b 

5 86.83±0.14c 83.42±0.45c -64.15±0.15c 

60 85.03±0,20d 81.88±0.25d -63.72±0.33d 

180 84.56±0.15e 80.34±0.18e -62.34±0.52e 

Each value in the table represents the mean ± standard deviation of triplicate 
analyses. Abbreviations: Ea, activation energy; ∆Hffi, enthalpy of formation of the 

activated complex; ∆Sffi, entropy of formation of the activated complex. The letters 

show that comparison of each kinetic parameter with ozone treatment time. 
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Table 4.6 shows change in kinetic constants (Ea, ∆H
ffi
, ∆S

ffi
) for untreated and 

ozonated hazelnut oils with ozone treatment time (1, 5, 60 and 180 min) for studied 

DSC thermogram at different temperatures (373, 383, 393 and 403 K). Fitted data 

has a high correlation for determination (R
2
>0.96) indicating that temperature 

dependent oxidation of ozonated hazelnut oil could be characterized by activation 

complex theory. Statistically, kinetic parameters were significantly different 

(p<0.05) with respect to ozone treatment time. Ea of ozone treated oils showed a 

reducing trend as the ozone exposure period increased. Ea value represents the 

minimum energy required to start oxidation reaction (Laidler, 1987). This result 

indicates the increased oxidation sensitivity of oils after ozone treatment either due to 

partial hydrolysis of triglycerides or by destruction of compounds having high 

antioxidant activity. In a prior work, it was determined that the activation energy for 

oxidation of sunflower oil was higher as the amount of artificial antioxidants were 

increased (Souza et al., 2004). The lower activation energy means less energy 

required for oxidation products to form. ∆H
ffi 

of hazelnut oil were observed to 

decrease with increased ozone exposure. ∆H
ffi 

represents the difference in energy 

between ground state and the transition state in a chemical reaction. The higher 

activation enthalpy means the more energy required for the products to form in 

activated state (Atkins and De Paua, 2006). In general, a reaction will take place 

faster, if the value of ∆H
ffi 

and Ea are low. ∆S
ffi
 is the difference between entropy of 

transition state and the sum of entropies of the reactants. In bimolecular reactions, 

when a complex is formed by association of two individual molecules, there may be 

a loss of transitional and rotational freedom. More often, there is a decrease in 

entropy in passing to activated state leading to a negative ∆S
ffi
 (Moore, 1972).  

However, an increase in ∆S
ffi
 was observed as the ozone exposure was increased 

indicating an increase in disorderness in activated complex state. This can be 

evaluated that activated complex state for lipid oxidation in ozone treated hazelnut 

oil is more probable and oxidation reaction rate is faster. These results were 

correlated well with change in k values. It could be concluded that increasing of k 

and ∆S
ffi 

and decreasing of Ea and ∆H
ffi
 indicated a faster oxidation reaction when 

ozone exposure time of hazelnut oil was extended. 
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Table 4.7 Predicted T0 values at room temperature (298 K). 

 
ln k vs. 1/T (temperature) 

 

Ozonation 

time (min) 

Regression equation 
a
 Correlation 

determination, R
2
 

Predicted T0 at 

room temperature 

(298 K) (day) 

0 lnk=-11000(1/T)+23.150 0.9995 659 

1 lnk=-10431(1/T)+21.769 0.9989 388 

5 lnk=-10436(1/T)+23.004 0.9995 115 

60 lnk=-10227(1/T)+23.052 0.9995 54 

180 lnk=-10171(1/T)+23.221 0.9995 38 

T0: oxidation induction time.   

Table 4.7 provides the regression parameter for relationships between reaction 

rate constant (k) and temperature for oil samples treated with ozone at different 

times. As shown in the Table 4.5., ln k values exhibit linear relationship with 

isothermal temperatures. From the regression equations, firstly k values were 

calculated for a given temperatures. Furthermore, the regression equations could be 

used for predicting T0 values of untreated and ozone treated hazelnut oils at room 

temperature (298 K). This parameter may be of interest for determining effects of 

ozone treatment on the oxidative stability of oils without effects of isothermal 

temperature. The T0 values of untreated and ozone treated hazelnut oils at room 

temperature (298 K) were predicted from the regression equations are also given in 

Table 4.5. As shown in Table 4.5, the predicted T0 values for untreated oil were 659 

days and these values decreased with ozone treatment time. It was found that the 

predicted T0 values for untreated oil were almost conformed to shelf life mentioned 

in Turkish Standard for hazelnut oil. According to Turkish Standard, it was stated 

that shelf life of hazelnut oil was maximum 2 years (Turkish Standard 6581, 2003). 

The predicted T0 values for hazelnut oils treated with ozone for 1,5, 60 and 180 

minutes were 388, 115, 54 and 38 days, respectively.  From Table 4.7, it was said 

that ozone is more powerful oxidizing agent. The oxidation effects of ozone on the 

oil samples increases when ozone treatment time increased. Gusel-Seydim et al., 

(2004) reported that ozone is the strong oxidizing agent. The oxidation potentials of 

fluorine, ozone, permanganate, chlorine dioxide, hypochlorous acid and chlorine gas 

are 3.06, 2.07, 1.67, 1.50, 1.49 and 1.36 respectively. Predicted induction times of 10 

different oils have been estimated through regression equations found by fitting the 

experimental data in accelerated shelf-life testing (Tan et al., 2001) in a previous 

work and it has been stated that the estimated values at low temperatures can be 



 

64 

 

considered as approximate values. Different reaction pathways that are followed by 

the lipid oxidation at high or low temperatures may be the reason together with the 

effects of oxygen solubility, metal catalysts and antioxidants (Thurgood et al., 2007). 

Moreover, the ambient conditions in storage would have a limited oxygen 

concentration in comparison to the oxidation stability tests conducted with 99.5% 

untreated oxygen. Thus, predicted To may reflect uncertainties which are not 

included in the regression equation.              

Table 4.8 Pearson correlation coefficient between chemical methods and oxidation 

reaction rate constant
a
. 

 
 Reaction rate constant Peroxide value  Free fatty acid value 

Reaction rate constant 1.000 0.941 0.951 

Peroxide value 0.941 1.000 0.977 

Free fatty acid value 0.951 0.977 1.000 

a 
Significance at 0.05 level (P<0.05). 

Table 4.9 Relationship between oxidation reaction rate and indicator of oil 

oxidation
a
. 

 
Indicator (Y) Regression equation  

Reaction rate constant (X) 

Peroxide value Y= 0.941X+3.588  

Free fatty acid value Y=  0.951X+0.098 
a 
Significance at 0.05 level (P<0.05). 

As seen in Table 4.1 and 4.4, FFA and PV and reaction rate constants showed 

an increase with ozone treatment time. However, FFA indicated a slight and gradual 

increase when a dramatic increase in PV and reaction rate constant was observed. 

Berger (1984) reported that the measurement of FFA in the oil could not determine 

suitability of heated oils for further use. The PV was increased dramatically when 

oxidation reaction could be continued with ozone treatment time (Table 4.1). Since 

peroxidic compounds are the main products that are formed from oxidation reactions 

of the oils (Guillen and Cabo, 2002). It has been suggested that a high correlation 

existed between each of DSC parameters (peak temperature and enthalpy) and 

standard chemical methods including FFA, PV which are used to estimate the 

deterioration of edible oils (Tan and Che Man, 1999b).The correlation coefficients 

between reaction rate constant calculated from DSC thermogram and standard 
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chemical methods were shown in Table 4.8. The rate constant of oxidation reaction 

showed excellent correlations with the standard chemical methods. The coefficients 

of correlation for each comparison were also highly significant (p<0.05). As seen in 

Table 4.9, we noticed a considerable correlation between FFA, PV and k. The 

experimental results showed that FFA increased with the increase in reaction rate 

constant as the ozone treatment time was increased. Similarly, PV showed a dramatic 

increase with k as the ozone treatment time was extended. Regression equations and 

the respective correlations between FFA and k (Y= 0.951X+0.098 with R
2
=0.961) 

and PV and k (Y= 0.941X+3.588 with R
2
=0.952) were verified by establishing linear 

regression equations at isothermal temperature of 373 K. A high correlation between 

k and FFA and PV reveals that DSC is an appropriate method for determining the 

extent of oxidation in oils. It can be used as a reliable, rapid method for detecting the 

extent of lipid oxidation. 

4.6 DSC heating and cooling thermogram 

DSC heating thermograms of untreated and ozone treated hazelnut oils are 

shown in Figure 4.11. DSC heating thermograms of vegetable oil which overlapping 

melting peaks of various polymorphic forms of crystals are usually more complicated 

than cooling thermogram (Tan and Che Man, 2000). As seen in Figure 4.11, 

untreated hazelnut oil heating thermograms showed a well-defined endothermic 

peaking at -5.6
0
C. Previous DSC reports indicated that hazelnut oil had melting peak 

at -6.1
0
C (Xu et al., 2007). Previous researches informed that there is either single 

melting peak (Tan and Che Man, 2000) in DSC heating thermogram of hazelnut oil, 

or a wide endothermic event consisting of four overlapped peaks. The overlapped 

peaks are related to the melting of triacylglycerol (TAG) (Tand Che Man, 2002). 

Differences in melting profile of hazelnut oil can be observed because of different 

experimental conditions and /or DSC instrumentation and / or nature of the sample. 

The heating thermograms of hazelnut oil showed some variations which were more 

pronounced from 30 min ozone treatment onwards. The endothermic peaks slightly 

shifted towards lower temperature. The melting curve of hazelnut oil samples 

became broader and less evident from 30 min ozone treatment time onwards. After 

180 and 360 min ozone treatment, it was observed that the melting curves became 

less evident or disappeared. The result have been explained in previous researches 

that an important rise in lipid oxidation products and free fatty acids may have 
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hindered crystallization of TAG, leading to the formation of distinct and unstable 

crystal polymorphic forms as compared to those of the untreated hazelnut oils (Che 

Man and Swe, 1995). These unstable crystals and molecules produced from oxidative 

reactions (monoacylglycerols, diacylglycerols, free fatty acids, primary and 

secondary oxidation products) may have probably melted at lower temperature 

because of their lower stability.  

Figure 4.11 DSC heating thermogram of untreated and ozone treated hazelnut oils.  

Table 4.10 DSC data obtained from the heating thermograms of untreated and ozone 

treated oils
a
. 

Ozone treatment 

time (min) 

Ton 

(
o
C) 

Toff 

(
o
C) 

ΔH 

(J/g) 

Peak height 

(mW) 

Range 

(
o
C) 

0 -12.45± 0.3a 5.14±0.5a 58.28±0.1a 3.16±0.3a 17.59±0.2a 

1 -13.22±0.4b 3.60±0.4b 57.79±0.3b 3.68±0.2b 16.82±0.4b 

5 -13.51±0.3b 2.91±0.4c 56.83±0.8c 3.79±0.2b 16.42±0.5b 

30 -16.67±0.1c 1.94±0.3d 50.31±1.2d 2.74±0.4c 18.61±0.9c 

60 -18.72±0.5d 2.02±0.4d 42.49±0.7e 2.34±0.5c 20.74±0.7d 

180 -20.82±0.2e 0.90±0.2e 42.90±0.5e 1.03±0.7d 31.72±0.5e 

360 -24.16±0.1f 0.65±0.1f 33.48±0.7f 0.66±0.3e 37.81±0.8f 

a
 Same letters within each column do not significantly different (p<0.05). 
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 Table 4.10 showed that thermal parameters obtained from DSC heating 

thermograms of untreated and ozone treated hazelnut oil samples. Phase transition of 

hazelnut oil showed a significant decrease of overall enthalpy. The enthalpy of 

heating transition in hazelnut oils decreased as ozone treatment time increased. The 

lowest enthalpy of transition in hazelnut oil was found at 360 min ozone treatment 

when major peak (Fig. 4.11) became smaller. This situation probably arised from 

formation of heterogeneous structure of TAG crystals due to significant increase of 

oxidation products with ozone treatment process. And also, Ton and Toff values of 

transition altered with ozone treatment time. Ton and Toff shifted towards lower 

temperatures with ozone treatment time. After ozone treatment, formation of the 

oxidation products which were observed from 30 min of treatment onwards may 

affect dramatically the production of weak TAG crystals so lower energy value 

required to melt (Che Man and Swe, 1995). The range of transition temperature was 

observed to be expanded at the 180 and 360 min of ozone treatment as the major 

endothermic peak became broader. In previous studies, similar results were obtained. 

Chiavaro et al., (2010), studied that effect of microwave heating on vegetable oils. 

They were determined that enthalpy of vegetable oils decreased with microwave 

heating time. And also, they were reported that Ton and Toff shifted towards lower 

temperatures at different times of microwave heating of vegetable oils. 

          Samples undergoing cooling exhibited an exothermic phase transition due to 

crystallization of hazelnut oil such as that shown in Figure 4.12 for untreated and 

ozone treated hazelnut oils. Cooling thermogram of untreated hazelnut oil was 

similar to that previously reported in researches for this type of nut oils (Tan and Che 

Man, 2000). The hazelnut oil cooling profile showed a major exothermic peak at 

about -37
0
C related to the crystallization of triunsaturated TAG, and a minor 

exothermic peak at about -15
0
C attributed to the crystallization of disaturated TAG 

(Tan and Che Man, 2002; Tan and Che Man, 2000). Ozone treatment process 

changed cooling profile of both exothermic peaks, especially the major one that 

shifted towards lower temperature with ozone treatment times, became also 

broadening over a larger temperature range and decreasing in peak height. The minor 

peak became less clear as ozone treatment time increased. In previous work related 

with cooling profiles of vegetable oils after deep frying, conventional and microwave 

heating treatments, it was observed that a decrease in the height of crystallization 
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peak as well as broadening and shifting towards lower temperature (Chiavaro et al., 

2008; Tan and Che Man, 1999a; Tan et al., 2002, Vittadini et al., 2003). All these 

situations were related to the rise of lipid oxidation products and molecules which are 

free fatty acids, monoacylglycerols, diacylglycerols that may have prevented to form 

crystals from TAG molecules (Chiavaro et al., 2008; Tan and Che Man, 1999a; Tan 

et al., 2002, Vittadini et al., 2003). 

As seen in Figure 4.12, sharp exothermic peak of untreated hazelnut oil was 

observed at -37
0
C while a less defined shoulder peak was showed at -22

0
C. The 

sharp exothermic crystallization shifted towards lower temperature with ozone 

treatment process and becoming broader and shorter as treatment time increased. The 

minor peak became less evident and apparently disappeared when ozone treatment 

proceeded. All these variations in cooling profile may be associated with oxidative 

products (i.e. free fatty acids, peroxide value, and oxidative induction time decrease 

(Chiavaro et al., 2008; Tan and Che Man, 1999a; Tan et al., 2002). 
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Figure 4.12 DSC cooling thermogram of untreated and ozone treated hazelnut oils.  

 

Table 4.11 DSC data obtained from the cooling thermograms of untreated and 

ozone treated oils. 
Ozone 

treatment time 

(min) 

Ton 

(
o
C) 

Toff 

(
o
C) 

ΔH 

(J/g) 

Peak height 

(mW) 

Range 

(
o
C) 

0 -35.40± 0.3a -40.14±0.5a -48.28±0.1a -3.91±0.3a 4.74±0.2a 

1 -35.95±0.4b -40.74±0.4b -47.43±0.3b -4.16±0.2b 4.79±0.4b 

5 -36.68±0.3b -41.83±0.4c -42.98±0.8c -3.88±0.2b 5.15±0.5b 

30 -43.06±0.1c -52.64±0.3d -25.99±1.2d -1.42±0.4c 9.58±0.9c 

60 --65.65±0.5d -71.34±0.4d -11.18±0.7e -0.59±0.5c 5.69±0.7d 

180 ----- ----- ----- ----- ----- 

Same letters within each column do not significantly different (p<0.05). 

Table 4.11 showed that thermal properties of untreated and ozone treated 

hazelnut oils including peak enthalpy, initial and final temperature of 

crystallization, range of transition, peak height obtained by cooling thermogram. 

With ozone treatment, the oxidation products such as dimers, polymers, 

hydroperoxides and aldehydes formed in the hazelnut oil. As mentioned in previous 

works, the free fatty acids and oxidation products present in the oil caused shifting 

of the melting range to a lower temperature (Che Man and Swe, 1995). The similar 
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alterations are expected for DSC crystallization parameters. The crystallization 

enthalpy of hazelnut oil decreased with increasing time of ozone treatment. 

Samples treated for 30 and 60 min exhibited a marked decrease in peak enthalpy 

due to higher ozone treatment time. Also, the crystallization peaks could not be 

detected for 180 and 360 min ozone treated samples and the crystallization enthalpy 

could not be calculated. On the other hand, samples ozone treated at 1 and 5 min 

showed a low reduction in DSC crystallization enthalpy that indicates shorter ozone 

treatment of the oil cannot affect crystallization event. A decrease in crystallization 

enthalpy was previously observed for cooling thermogram of thermooxidised oils 

(Chiavaro et al., 2008; Tan and Che Man, 1999a; Vittadini et al., 2003). This 

situation may relate to the partial lysis of TAG and the formation of their 

degradation products (i.e. free fatty acids, monoacylglycerols, diacylglycerols, 

oxidised TAG) (Gloria and Aguilera, 1998; Tan and Che Man, 1999a). 

Crystallization Ton and Toff significantly shifted towards to lower temperature from 

1 min ozone treatment onwards and the shift in the crystallization temperatures 

became more evident after 30 min ozone treatment. The shift of crystallization peak 

to lower temperatures and the decrease in crystallization enthalpy could be due to 

the depletion of TAG, the increase of the free fatty acid content, and the increase in 

viscosity during ozone treatment.  

4.7 Gas chromatography analysis 

Table 4.12 Fatty acid composition of untreated and ozone treated HO. 

 Fatty acid composition (%) 

 

  

C14:0 C16:0 C16:1 C18:0 C18:1 C18:2 C18:3 C20:1  

 

HO 

 

 

- 

 

5.31 

 

- 

 

2.75 

 

79.15 

 

11.43 

 

- 

 

0.18 
 

OHO60 

 

- 8.44 - 5.11 72.90 5.84 - -  

OHO180 

 

- 16.07 - 8.70 45.80 1.74 - -  

OHO360 

 

- 24.81 - 14.74 10.81 - - -  

HO; hazelnut oil, (C16:0; palmitic acid, C18:0; stearic acid, C18:1; oleic acid, 

C18:2; linoleic acid, C18:3; linolenic acid, C20:1, gondoic acid) 
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Figure 4.13 Chromatogram of fatty acids of untreated and ozone treated hazelnut 

oil. 

Table 4.12 shows the composition of fatty acid present in untreated hazelnut 

oil. According to this figure, we determined that hazelnut oil was composed of 

79.15 % oleic acid (C18:1), 11.43 % linoleic acid (C18:2), 5.31 % palmitic acid 

(C16:0), 2.74 % stearic acid (C18:0) and a small amount of gondoic acid (0.181%). 

Gondoic acid (11-eicosenoic acid) is a monounsaturated fatty acid found in a 

several types of plant oils and nuts (Miwa, 1971). From the chromatogram, it could 

be calculated that unsaturated fatty acid composition of untreated hazelnut oil was 

about 90.76 %. Similar proportions of fatty acid compositions for hazelnut oil were 
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stated in the previous studies. Chiavaro et al., (2008) reported that hazelnut oil 

contained high proportion of unsaturated fatty acids (77.23 % of oleic acid, 11.39% 

of linoleic acid) and small proportion of saturated ones (5.61% of palmitic acid and 

3.44 % of stearic acid). Gustone et al., (1995) determined that hazelnut oil was 

composed of palmitic (4.7%), stearic (1.6%), oleic (76.4%), linoleic acid (16.3%). 

Also, it was found that palmitic, stearic, oleic, linoleic acid proportions of hazelnut 

oil which was extracted from hazelnuts grown in Turkey were between 4.39-8.85%, 

1.67-3.18%, 73.48-81.57%, and 10.46-14.95%, respectively (Balta et al., 2006). 

From literature, we know that ozone reacts with unsaturated fatty acids in the oils 

and affects the double bonds in the unsaturated fatty acids. Cataldo (2003) stated 

that attack of the ozone molecules to the unsaturated fatty acids present in oils 

result in lipid peroxidation occur. In order to determine effects of ozone on the fatty 

acids, we performed gas chromatography analysis after ozone treatment process. 

Firstly, oil samples were treated with the ozone gas for 60, 180, 360 min. Then, 

untreated and ozone treated oils were converted to fatty acid methyl esters by using 

methanol as solvent. The percentages of fatty acid composition of untreated and 

ozone treated oils were compared to each other’s. 

Figure 4.13 showed that variations in unsaturated fatty acids present in 

hazelnut oil with ozone treatment time (60, 180 and 360 min). From this figure, it 

was determined that percentage of oleic acid and linoleic acid decreased result from 

oxidation reaction with ozone. The reductions in percentages of linoleic acid an 

oleic acid of OHO60 were about 49% and 7.9%, respectively. A decrease in the 

percentage of linoleic acid was higher than oleic acids. Because linoleic acid which 

has two double bonds in its structure is more prone to oxidation than oleic acid. 

However, it was observed that the percentages of saturated fatty acids (palmitic 

acid and stearic acid) increased after ozone treatment for 60 min. The increases in 

percentages of palmitic and stearic acid were found about 59% and 86% 

respectively.  As a result, it was determined that the portions of unsaturated fatty 

acids in hazelnut oil reduced while the portions of saturated increased with ozone 

treatment. In previous study, it was concluded that oxidation causes a reduction in 

the unsaturated fatty acids content and an increase in the saturated fatty acid content 

in the oil (Liu and White, 1992). 
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As seen in Figure 4.13, after 180 and 360 min ozone treatment, a dramatic 

reduction was observed after 180 and 360 min ozone treatment. The decrease in the 

percentage of oleic acid was highest (~86%) and linoleic acid was destroyed 

completely after ozone treatment for 360 min. Furthermore, an increase in the 

percentages of the saturated fatty acid was reached to highest value with 360 min 

ozone treatment. The percentages of palmitic acid and stearic acid increased to 4.6 

and 5.36 times during 360 min ozone reaction.  

 

Table 4.13 New peaks assigned in chromatogram after ozone treatment process. 
 Ozone treatment time (min) 

Number of carbon atoms  

 belonging to new peaks (%) 

HO OHO60 OHO180 OHO360 

     

C 4-6 - - 0.68 1.41 

C 8-10 - 4.05 16.65 33.84 

C 17-18 - - 0.60 - 

C 18 - 1.67 6.47 14.36 

C 24-22 - 0.87 1.28 - 

C 24-22 - - 1.16 - 

 

Also, new peaks were observed in the chromatograms of ozone treated 

hazelnut oils for 60, 180 and 360 min as seen in Table 4.13.  As mentioned before, 

oleic acid is a predominant unsaturated fatty acid present in hazelnut oil. The 

hazelnut contains a small amount of linoleic acid. Therefore, we suggested that the 

new peaks formed mainly from the reaction of ozone with oleic acid and secondly 

with linoleic acid. The oxidation reaction of oleic acids with ozone involves the 

decomposition of double bond at position nine of carbon chain. The cleaving of 

unsaturation has been caused to form reactive medium. In general, the oxidation 

reactions of unsaturated fatty acids with ozone are known as Criegee mechanism 

(Criegee, 1975). The reaction products are named as Criegee intermediates. The 

intermediates are highly reactive and some reactions including ester and acid 

formation and hydroperoxide formation occur. In the mechanism, 1,2,3 trioxolane 

which is known as primary ozonide are formed from reaction of ozone with 

unsaturated fatty acids. 1,2,3 trioxolane is an unstable intermediate and then  can 
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easily decompose to 1,2,4 trioxolane (secondary ozonide) (Criegee, 1975; Atkinson 

and Carter, 1984). It was evaluated that the unknown peaks seen in the 

chromatograms might be related with these products which are formed from 

decomposition of oleic acid and linoleic acid present in hazelnut oil after ozone 

treatment.  

 

 

 

 

 

 

 

 

Figure 4.14 Changes in saturated/unsaturated fatty acid ratio with ozone treatment 

for different time (60, 180 and 360 min). 

As seen in Figure 4.14, the ratio of C18:2/C16:0 decreased from 2.15 to 0.10 as 

ozone treatment time increased. During ozone treatment for 360 min, the ratio 

could not be calculated due to disappearance of linoleic acid completely. The ratio 

demonstrated that changes in ratio of linoleic acid to palmitic acid. Linoleic acid 

and palmitic acid can be used to determine extent of oil deterioration. Linoleic acid 

is more sensitive to oxidation while palmitic acid is more stable to oxidation. 

Generally, oils which are composed of higher percentages of unsaturated fatty acids 

are more susceptible to oxidation than those containing lesser amounts (Tan et al., 

1999a). Furthermore, the ratios of saturated to unsaturated fatty acids were 

calculated to determine changes in nutritional value of oils with ozone treatment. 

From the table, it could be said that nutritional value of oils decreased as ozone 

treatment progressed. With ozone treatment, an increase in percentages of the 

saturated fatty acid occurs while decreasing of the percentages of unsaturated fatty 

acids. The untreated hazelnut oil had the highest nutritional value while the 
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nutritional value of ozone treated sample for 360 min was minimum value. Tsanev 

et al., (1998) reported that smaller ratio of saturated to unsaturated fatty acids 

considered as positive from the viewpoint of nutritional content of oils.  

4.8 FTIR ( Fourier transform infrared radiation) analysis 

FT-IR spectroscopy measurements were performed to investigate the changes 

in the functional groups present in hazelnut oils during ozone treatment. As 

expected, intensities of all bands related with double bonds decreased with ozone 

treatment time. Since ozone reacts with the double bonds of unsaturated fatty acids. 

This reaction produces some compounds such as hydroperoxides, ozonides, 

aldehydes, peroxides, diperoxides and polyperoxides (Bailey, 1978; Criegee, 1975). 

Summary of characteristic bands found in hazelnut oil were shown in Table 4.14 

and figure 4.15 showed the FTIR spectra of untreated and ozone treated hazelnut 

oil.  As seen in the figure, there were several major peaks in the spectrum which 

were belonging to functional groups of triglycerides. These peaks were assigned 

around 2922 cm
-1

(C-H stretching (asymmetry)), 2853 cm
-1

(C-H stretching 

(symmetry)), 1743 cm
-1

 (C=O stretching),1463 cm
-1

 (C-H bending), 1377 cm
-1

 (C-

H bending), 1237 cm
-1

 (C-O stretching), 1160cm
-1

 (C-O stretching), 722 cm
-1

 (C-H 

bending (rocking. Also, a very weak peak was observed around 1654 cm
-1

 which 

was corresponding to functional group of (C=C) double bond of olefins (cis).  

Figure 4.15 and 4.16 showed that FTIR spectra of untreated and ozone treated 

HO.  As seen in these figures, the weak bands corresponded to the C=C-H stretch at 

3006 cm
-1

 reduced when ozone treatment time increased. In an earlier study, the 

higher frequency of the band (=CH stretching vibration assigned around 3006 cm
-1

) 

for large proportion of polyunsaturated fatty acid content of the oil  were observed 

than those of large proportion of monounsaturated fatty acid of the oil (Guillen and 

Cabo, 2000). We observed that the frequency of the band of HO reduced, sharply as 

ozone treatment proceeded. A dramatic reduction in the intensity of band at around 

722 cm
-1

 corresponding to overlapping methylene (-CH2) rocking vibration of 

olefins was observed as ozone treatment continued (Silverstein et al., 1974). 

The band at 2922 and 2853 cm
-1

 corresponded to asymmetrical and 

symmetrical stretching of methylene (-CH2) group of mainly unsaturated bonds in 
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the lipids (Dogan et al., 2007). It was observed that intensities of the bands 

decreased slightly during ozone treatment.  

   The untreated HO showed a relatively sharp band due to carbonyl stretch of 

triglyceride ester group at 1743 cm
−1

 (Figure 4.15 and 4.16). It could be observed 

that the broadening of the band and decreasing of the frequency occurred due to 

formation of new carbonyl compounds as ozone treatment extended (Soriano et al., 

2003).  

    A small band assigned at 1463 cm
-1

 corresponds to the bending vibrations 

of CH2 and CH3 groups (Che Man and Setiowaty, 1999).  It was detected that 

absorbance value of the band decreased as ozone treatment time increased (Figure 

4.15 and 4.16). The bands at 1237 and 1160cm
-1 

related(=CH stretching vibration) 

was assigned around 3006 cm
-1

 with stretching vibrations of C-O group in esters 

were observed in the spectrum of HO(Guillen and Cabo, 1997). 

The band at 1105 cm
-1

, getting broader and stronger in FTIR spectrum of HO 

as the ozonation period increases was assigned corresponding to C-O stretch of the 

secondary ozonide as consistent with a previous research (Wu et al., 1992). 

The bands at 1237, 1160, 1119, 1095, 1031 and cm
-1

 related with stretching 

vibrations of C-O group in esters were observed in all samples. Some researchers 

assigned the bands at 1238 cm
-1

 to bending vibration out-of-plane of methylene 

group (Safar et al., 1994). However, absorbance values of the bands decreased as 

ozone treatment proceeded. Especially, it was detected that the band at 1160 cm
-1

 

shifted to 1146 cm
-1

 in spectrum of ozone treated sample for 360 min. With 

increasing duration of ozone treatment, the bands at 1119 and 1095 cm
-1

 became 

broader and relatively broad and strong band was detected at 1104 cm
-1

 in spectrum 

of ozone treatment for 180 and 360 min. It might be concluded that the cleavage of 

final ozonide was minimum. Prior studies reported that trans isomer of ozonide 

absorbed at around 1300 cm-1 while its cis isomer at around 800cm
-1

 (Bailey, 1978; 

Murray et al., 1967). The band around 1031 cm
-1

 shifted toward lower freguency 

values while ozone treatment time increased. After 360 min ozone treatment, the 

band was detected at near 966 cm
-1

. A reduction in the intensity of band at around 

722 cm
-1

 was observed as ozone treatment process continued. The band 
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corresponding to overlapping methylene (-CH2) rocking vibration and to the out of 

plane vibration of cis –disubtituted olefins (Silverstein et al., 1974).  

Therefore, the variations were observed in frequency and absorbance of 

FTIR spectra bands after ozone treatment. It was reported that oxidation of oils 

leads to changes in the frequency of the same bands (Guillen and Cabo, 2000). 

The intensities of the bands related to double bonds in unsaturated oil decreased as 

ozone treatment extended.  Double bonds finally disappeared during ozone 

treatment for 360 min. The broad and relatively strong bands corresponding to 

primary or secondary ozonide were observed as ozone treatment proceeded.  

Table 4.14 FTIR band assignment for functional groups commonly found in an oil 

spectrum
a
. 

Frequency (cm
-1

) Functional group assignment 

3006 (=C-H) Cis double bond stretching 

2922 and 2853 Asymmetrical and symmetrical stretching of methylene (-CH2) group  

1743 (C=O) Ester carbonyl functional group  of triglycerides 

1654  (C=C) cis double bond of acyl groups of olefins 

1463 Bending vibrations of the CH2 and CH3 aliphatic groups 

1417 Rocking vibrations of CH bonds of cis –disubtituted olefins 

1402  =C-H bending vibration 

1377 Bending vibrations of the CH2 groups 

1237 and 1160 C-O stretching 

1119 and 1095 Stretching vibration of the C-O ester group 

1031 C-O stretching 

856 =CH2 wagging 

722 Overlapping methylene (-CH2) rocking vibration and to the out of 

plane vibration of cis –disubtituted olefins 
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Figure 4.15 FT-IR spectra of untreated and ozone treated hazelnut oils (a: HO, b: 

OHO1, c: OHO5, d: OHO30, e: OHO60, f: OHO180, g: OHO360). 
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Figure 4.16 Major bands in FTIR spectra. (a: HO, b: OHO1, c: OHO5, d: OHO30, 

e: OHO60, f: OHO180, g: OHO360).  

4.9 NMR (Nuclear magnetic resonance) analysis 

Nuclear Magnetic Resonance (NMR) spectroscopy analysis for untreated and 

ozone treated oils were performed in 
1
H and 

13
C NMR spectra on a Bruker Avance 

500 MHz spectrometer at 25
0
C in CDCl3 to identify changes in the structure of 

hazelnut oil as a function of ozone treatment time. The 
1
H and 

13
C NMR 

assignments to principal peaks of untreated hazelnut oil are summarized in Table 

4.15. The 
1
H NMR and 

13
C NMR resonances were assigned according to data in the 

literature determined for similar vegetables oils (Sega et al., 2010, Sadowska et al., 

2008, Soriano et al., 2003). 
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Table 4.15 
1
H NMR intensities for main groups in ozone reaction with HO. 

Ozone treatment time  HO OHO60 OHO180 OHO360 

Groups  δ 1H 

α-metyhlene group 

 

1.39 --- 2.35 4.77 5.04 

CH2-CH2COOH 

(All acyl chains) 

1.65 --- 3.19 3.49 8.12 

CH2CH=CH 

(All unsaturated acyl chains) 

2.00 5.37 3.47 0.74 0.41 

CH2-COOH(All acyl chains) 2.30 2.93 3.06 3.04 3.05 

α-metyhlene group 

 

2.43 --- 0.34 0.28 0.21 

CH=CHCH2CH=CH 

(Linolenyl and linolenyl chains) 

2.75 0.36 0.15 --- --- 

CH2-OCOR 

(Triglycerides) 

4.30 0.97 1.00 0.97 0.91 

1,2,4-trioxolane 

 

5.15 --- 0.93 1.09 1.07 

CH=CH 

(All unsaturated fatty acids) 

5.30 3.03 1.87 1.09 0.90 

Aldehyde 

 

9.75 --- 0.04 0.07 0.07 

δ 1H (ppm): Chemical shifts 

 

Table 4.16 
1
H NMR and 

13
C NMR new signals of ozone treated samples. 

13
C Shift (ppm) 

1
H Shift (ppm) Functional group 

  
 

104.35 5.15 1,2,4-trioxolane 

- 1.39 α-metyhlene group 

- 1.65 α-metyhlene group 

43.9 2.43 Α-Methylene group 

202.58 9.75 Aldehyde 

 

NMR analysis confirmed that the structural changes in the hazelnut oil 

occurred during ozone treatment (Figure 4.17, 4.18, and 4.19). The new signals 

found in ozone treated hazelnut oil were summarized in Table 4.16. In 
1
H NMR 

spectra of ozone treated hazelnut oil, new signal at 5.15 ppm was found, the new 

signal was assigned to the ring proton of 1,2,4 trioxolane (Sadowska et al., 2008). 

The result was confirmed by the appearance of the signal in 
13

C NMR spectra at 

104.35 ppm assigned by Wu et al. (1992), as ring carbon in the same structure. 

Area of the new peaks increased with ozone treatment time as shown in the figures. 

Ozone treated oil samples also exhibited  new peaks belonging to aldehydic proton 

and α-methylene group at 9.75 and 2.43 ppm in 
1
H NMR and at 202.58 and 43.9 
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ppm in 
13

C NMR, respectively. The new signals formed in ozone treatment process 

gradually increased until 360 min of ozone treatment. The signals of unsaturated 

bonds at 2.00 and 5.30 ppm in 
1
H NMR spectra and 27.1 and 128-130 ppm in 

13
C 

NMR spectra dramatically decreased with ozone treatment time and finally 

disappeared after ozone treatment for 360 min. As illustrated in the Figures, signal 

of linolenyl chains at 0.85 ppm in 
1
H NMR spectra and at 33.8 ppm in 

13
C NMR 

spectra decreased as ozone treatment time increased. In addition, after ozone 

treatments for 180 and 360 min, signal of linolenyl chains which contain two 

double bond at 2.75 in 
1
H NMR and at 24.8 ppm in 

13
C NMR completely 

disappeared. As seen in NMR spectra for ozone treated oil for 360 min, the double 

bond of unsaturated fatty acids had been consumed, thoroughly.  Furthermore, the 

protons of the methylene group α to the sp2
 hybridized carbons which assigned at 

2.00 and 2.75 ppm in the spectra of untreated hazelnut oil  shifted to 1.39 and 1.65 

ppm after ozone treatment  due to formation of  1,2,4 trioxolane. 
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Figure 4.17 
1
H NMR spectra of untreated and ozone treated hazelnut oils. (0-3 

ppm) 

 

HO 
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OHO360 
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Figure 4.18 
1
H NMR spectra of untreated and ozone treated hazelnut oils.(0-11 

ppm) 

HO 
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OHO360 
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Figure 4.19 
13

C NMR spectra of untreated and ozone treated hazelnut oils. 
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In literature, the products formed from cycloaddition of a Criegee 

intermediate with double bond of fatty acids  has been detected from the reaction of 

ozone with oleic acid in a aqueous medium (Zahardis et al., 2006). The reaction 

mechanism of ozone with unsaturated fatty acids and formed oxidative products 

changes related to the reaction conditions (Nishikawa et al., 1995). In an anhydrous 

medium, secondary ozonide (1,2,4 trioxolane) and peroxide oligomers are formed 

by the reaction of zwitterions and aldehydes whereas in a aqueous medium, the 

zwitterions react with water to produce different peroxidic species (hydro-

peroxides, oligomeric peroxides, etc.) and carboxylic acids (Murray, 1968). The 

NMR spectra of HO were correlated with gas chromatograph results and IV (Table 

4.12). In gas chromatography, unsaturated fatty acid composition of the hazelnut oil 

decreased with ozone treatment time. Also, The IV was decreased as a function of 

ozone treatment time due to oxidation of double bonds present in unsaturated fatty 

acids. 

4.10 Emulsifying properties 

In this section, emulsifying properties of emulsions which is stabilised with 

whey protein and prepared with untreated / ozone treated oils were examined at % 

0.25 w/w protein concentration. Emulsions were prepared by using an ultrasound 

disintegrator (15 amplitudes for 30 s). Guzey (2001) reported that ultrasonic 

processing in high intensity improves emulsifying properties of the emulsions. In 

previous studies (Pongsawatmanit et al., 2006; Gulseren et al., 2007) the emulsions 

had been treated with high intensity ultrasonic waves to disrupt any flocculated 

droplets. 
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Figure 4.20 EAI of emulsions prepared with untreated and ozone treated hazelnut 

oils.  

Emulsifying properties of whey protein stabilised emulsions were expressed 

in terms of emulsifying activity index (EAI) and emulsion stability index (ESI) and 

were determined by the modified Pearce and Kinsella (1978) method. In this study, 

whey protein isolate (WPI) was used to stabilize the emulsions. Whey proteins are 

composed of    beta  lactoglobulin  (β-Lg),  alpha  lactalbumin  (α-La),  bovine  

serum albumin  (BSA)  and  immunoglobulins  (Ig) (Verheul  et  al.,  1998). They 

exist as compact, globular proteins.  Whey proteins have been commonly used as 

foaming and emulsifying agents in food industry. They mainly form viscoelastic 

films by polymerization with disulphide bonds and hydrophobic interactions 

(Monahan et al., 1993; Lee et al., 1992). The EAI and ESI of the emulsions were 

measured for long period (about 10 days) to observe behaviour of droplets in the 

emulsion as a function of storage time. Figure 4.20 showed that EAI of emulsions 

prepared untreated and ozone treated oil samples. EAI was measured as 917 m
2
/mg 

for emulsion containing untreated hazelnut oil and 893, 880, 812, 791, 616 and 177 

m
2
/mg for emulsion containing ozone treated hazelnut oils for 1, 5, 30, 60, 180 and 

360 min, respectively. As seen in the figure, EAI of the emulsion containing 

untreated hazelnut oil was the higher value than emulsions containing ozone treated 

oils. It was observed that ozone treatment significantly affected emulsion activity 
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negatively (p<0.05). And also, as mentioned previous part (4.1), FFA content of the 

hazelnut oil increased with ozone treatment time. A dramatic rise in FFA causes 

increasing acidity in emulsion medium. Therefore, the emulsions were prepared by 

using buffer solutions (at pH: 7.0 and 0.5M ionic strength) to minimize effects of 

acidity on the emulsifying properties. Also, pH value of the emulsions was 

measured immediately. It was determined that pH value of emulsions prepared with 

ozone treated oil reduced as a function of ozone treatment time. pH value of the 

emulsion prepared with untreated hazelnut oil was 6.88 when pH values of 

emulsions containing ozone treated oil for 1, 5, 30, 60, 180, and 360 min were 6.71, 

6.35, 5.01, 4.08, 3.35, and 2.56, respectively. Unfortunately, we observed that 

buffer solution was not sufficient to prevent increasing acidity of the emulsions. 

The ozone treatment has a negative effect on emulsion activity. It was observed that 

the negative effect of ozone on emulsion activity was more pronounced at the 

emulsion containing ozone treated oils for 360 min. In previous studies, it was 

stated that the adsorption of whey proteins to the interface, and the adsorption of 

whey protein components with each other was depending on the pH of the medium 

(Pearce and Kinsella, 1978). At pH 5, whey proteins have the highest adsorption at 

the interface (Hunt and Dalgleish, 1994; Shimizu et al., 1986). Shimizu et al., 

(1986) suggested that at low pH, the adsorption of β-lactoglobulin decreases by 

structural alterations. These alterations cause a reduction in flexibility and thereby 

emulsifying properties of β-lactoglobulin. Also, the net charge of the proteins is 

influenced by the pH of the solution. Generally, the proteins have high solubility in 

acidic or alkaline pH values because of the excess of charges of the same sign. The 

same signed charges generate repulse force between molecules, consequently, 

proteins exhibit highest solubility (Pelegrine and Gasparetto, 2005). The solubility 

of the proteins is a considerable functional property which influence on the other 

functional properties. Proteins demonstrate strong functional properties including 

emulsifying, foaming, gelling, etc. when they have high solubility (Nakai and Chan, 

1985; Wit, 1989). At isoelectric point, solubility of the proteins is minimum 

because of the increasing in protein-protein interaction. The electrostatic forces of 

the molecules are very low and interaction of water with the protein molecules is at 

a minimum. Proteins form precipitate in solution because of aggregation of protein 

molecules at the isoelectric point (Kakalis and Regenstein, 1986; Wit, 1989; 

Vojdani, 1996). 

http://www.sciencedirect.com/science/article/pii/S0023643804001112#BIB11
http://www.sciencedirect.com/science/article/pii/S0023643804001112#BIB11
http://www.sciencedirect.com/science/article/pii/S0023643804001112#BIB13
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Oxidative reaction of the proteins with ozone influences their structural 

properties. Enzyme activity, charge, nutritive value (loss of essential amino acids) 

and conformational structure of the protein (exposure of hydrophobic groups, 

changes in secondary structure and disulphide groups) unfavourably are affected 

result from oxidation reaction (Howell et al., 2001). In addition, as well as 

structural properties, functional properties of the proteins may be affected by ozone 

reaction (Howell et al., 2001). It was also informed that at isoelectric point of β-

lactoglobulin, it does not exhibit minimum solubility because of the product is not a 

pure protein. The whey proteins are found in milk as a mixture and precipitation 

occurs at the isoelectric point of their proteins, and not at the isolectic point of β-

lactoglobulin. 
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Figure 4.21 ESI of emulsions prepared with untreated and ozone treated hazelnut 

oil (●; HO; ○; OHO1, ▼; OHO5, Δ; OHO30, ■; OHO60, □; OHO180, ♦; 
OHO360). 

Emulsion stability index (ESI) of emulsions were determined by following 

the time-dependent change in the absorbance of emulsions preparing with untreated 

and ozone treated hazelnut oils. As seen in the Figure 4.21, ESI of ozone treated 

samples for 1, 5, 30 and 60 min initially reduces fast for approximately 4000 -5760 

min, and then gradually slows down and reaches to almost a plateau value.  From 
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the figure, it could be evaluated that emulsion stability were significantly affected 

by ozone treatment process (p<0.05). It could be determined that emulsion stability 

had been more pronounced affected negatively as ozone treatment time increased. 

Especially a dramatic reduction in the emulsion stability was observed with ozone 

treatment for 30, 60 and 180 min, respectively.  As mentioned above, pH value of 

the emulsions prepared with ozone treated oils decreased related with ozone 

treatment time. The emulsions exhibited minimum stability approaching isoelectric 

point of whey proteins. The isoelectric point of whey protein is about pH~5 (Fox 

and McSweeney, 1998). This behaviour has explained that at approaching the 

isoelectric point net charge is very low and a dramatic reduction happens in 

electrostatic and steric repulsions. Thus, flocculation and creaming are observed 

extensively in emulsion droplets and consequently, accelerating destabilization of 

emulsions (Klemaszewski and Kinsella, 1992). Stability of the emulsion is 

associated with the consistency of the interphase which does not altered with time.  

Emulsions at which suitable pH and high net negative charge blocking interactions 

of droplets with each other retard the rate of coalescence, and then, more stable 

emulsions are formed (Klemaszewski and Kinsella, 1992). The stability of 

emulsion containing ozone treated oils for 360 min was changed with time, slowly. 

As mentioned previous section about viscosity, the viscosity of the oil samples 

increased with ozone treatment time (Abramovic and Klofutar, 1998). The increase 

in viscosity with ozone treatment time could be explained that the unsaturated fatty 

acids in the oil can be oxidized by ozone and then the percentages of unsaturated 

fatty acids in the oil decreased when the percentages of saturated fatty acids in the 

oil increase.  Result from an increase in ratio of saturated fatty acid to unsaturated 

fatty acid in the oil, the viscosity of ozonated oils increased. An increase in 

viscosity was highest value for 360 min ozone treatment. Therefore, it might be 

said that the motion of oil droplets in the emulsion slowed down when the viscosity 

of oil increased. Thus, better stability was observed in the emulsion prepared with 

ozone treated oil for 360 min. In previous studies, it was stated that viscosity of the 

continuous phase could be increased for retarding the gravitational separation of the 

emulsions (Guzey and McClements, 2006). 
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Figure 4.22 Creaming behaviour of emulsions prepared with untreated and ozone 

treated hazelnut oil.(●; HO; ○; OHO1, ▼; OHO5, Δ; OHO30, ■; OHO60, □; 
OHO180, ♦; OHO360).  

Creaming arises from the destabilizing mechanism of the food emulsions and 

may cause from gravitational separation associated with the differences in densities 

of the dispersed and continuous phases. Creaming is formed from the upward 

motion at which the density of the droplets is lower than that of the surrounding 

liquid (McClements et al., 2007). Creaming behaviour of whey protein stabilized 

emulsions prepared with untreated and ozone treated oils was illustrated in Figure 

4.22. Creaming behaviour of samples were significantly affected with ozone 

treatment time (p<0.05). Creaming proceeded for about 75 days dramatically, and 

then, slowed down and reached to plateau value for all emulsions except emulsion 

prepared with ozone treated oil for 360 min. The creaming behaviour of emulsions 

containing 5, 30 and 60 min ozone treated oil was similar to each other’s. Also, a 

similar creaming behaviour was observed in emulsions prepared with untreated and 

1min ozone treated oil. While 23% creaming was observed after 75 days storage of  

the emulsion containing untreated oil, creaming rate of emulsions prepared with  

ozone treated oil for 1, 5, 30, 60 and 180 min was determined as 24%, 18%, 16% 

and 44%. Therefore, it can be determined that creaming rate of the emulsion 
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prepared with short time ozone treated oils retarded compared to creaming 

behaviour of the emulsion containing untreated oil. However, a dramatic increase 

was observed in the creaming rate of the emulsion prepared with 180 min ozone 

treated oil. This may result from the change in pH values of emulsions containing 

ozone treated oils. After ozone treatment, acidity of the hazelnut oil increased and 

result in a reduction in pH of emulsions was observed depending on ozone 

treatment time. pH values of emulsion containing ozone treated oil for 180 min 

were 3.35. Previous researches showed that pH is influenced physical stability of 

emulsions (Demetriades et al., 1997; McClements, 2012). Generally, a dramatic 

increase in formation of the flocculation is observed at isoelectric point of protein 

emulsifier which is 4.8 for whey protein (McClements, 2012). At the isoelectric 

point, the emulsions stability is affected negatively because of elimination of the 

electrostatic repulsion between droplets (Demetriades et al., 1997). The stability of 

the emulsions containing either untreated and ozone treated oil were highly 

dependent on the pH. At low pH around 3, there were rapid creaming and droplet 

aggregations, as evidenced by the emulsion stability measurements. The creaming 

was not detected in emulsions containing ozone treated oils for 360 min. Creaming 

is a gravitational separation in which less dense particles than the continuous liquid 

tend to rise top of the sample and thus, forming cream layer (Alben and Ibanoglu, 

2007). It can be said that there was no sufficient interaction in the emulsion system 

between the oil droplets and WPI solution depending on rising in the viscosity and 

acidity of the oil after ozone treatment for 360 min. It might be concluded that the 

creaming could not be observed because of a dramatic increase in viscosity of oil 

after ozone treatment for 360 min. While the viscosity increases in the emulsion 

system, the movement of oil droplets slowed down and thus, increases stability 

(Dickinson et al., 1998; Huang et al., 2001). 

4.11 Polarised light microscope (PLM) 

Images of emulsions prepared with either untreated or ozone treated hazelnut 

oils have been monitored by polarized light microscopy with 40x magnification to 

define any microstructural variations between the emulsions. Therefore, as shown 

in Figure 4.23A, for whey protein stabilized emulsion prepared with untreated 

hazelnut oil, the image indicated that small and isolated spherical oil droplets. In 

such a system, at the interface, the electrostatic repulsion between protein 

http://www.sciencedirect.com/science/article/pii/S0308814617310786#b0020
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molecules hindered the formation of flocculate, result in occurred a well-stabilised 

emulsion which is in a liquid form, due to the small particle size of emulsion 

droplets. Also, the optical microscopy image obviously demonstrated that large 

droplet flocculation formed in the emulsions containing long time ozone treated oil. 

The oil droplet size of emulsions enlarged when the ozone treatment time 

increased. Especially, the optical microscopy measurements of emulsion 

microstructure confirmed that large droplet flocculation formed in the emulsions 

containing ozone treated oils for 60, 180 and 360 min (Figure 4.23E, F, G). These 

measurements indicated that the emulsions containing ozone treated oils was 

unstable to droplet flocculation due to  the whey protein coated droplets have a low 

net charge close to the isoelectric point. Thus, there is a weak electrostatic repulsion 

between the droplets to eliminate their aggregation (McClements, 2004). As 

mentioned in previous section, pH value of the emulsions prepared with ozone 

treated oil decreased when the ozone treatment time increased. The emulsifying 

properties of the proteins can be affected from environmental conditions including 

pH, ionic strength and temperature (Das and Kinsella, 1989; McClements, 2004). 

As seen in figure 4.23, the droplet size distributions of the emulsions shifted 

towards large sizes with ozone treatment time because of a decrease in pH of 

emulsions. At near isoelectric point, aggregation of droplets was further promoted 

by a decrease in the electrostatic repulsion between oil droplets. Finally, the 

emulsion prepared with 360 min ozone treated oil had a fairly coarse microstructure 

(figure 4.23G) As mentioned previous creaming section, although, coarse droplets 

were observed in this emulsion, the creaming rate of the emulsion was determined 

to be minimum level due to an increase in viscosity of the oil result from ozone 

treatment for 360 min. An increase in viscosity slows down the upward movement 

of the oil droplets. While the viscosity increases in the emulsion system, the 

movement of oil droplets slowed down and thus, increases stability (Dickinson et 

al., 1998; Huang et al., 2001). 
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Figure 4.23 Polarized light micrographs of emulsions prepared with untreated and 

ozone treated hazelnut oils. (A: HO; B: OHO1; C: OHO5; D: OHO30; E: OHO60; 

F: OHO180; and G: OHO360; Scale bar = 20μm).   

4.12 Rheological properties of emulsions 

In oscillatory instruments, samples are exposed to various stresses or strain 

harmonically. The dynamic method has been commonly used to investigate the 

viscoelastic behaviour of foods. The suggested applications such as estimation of 

gel strength, investigation of starch gelatinization, examination of the glass 

transition,  observation of  protein  denaturation  and  coagulation,  evaluation curd  

formation  in  dairy  products, shelf  life  testing,  etc. are studied by this method 

(Steffe, 1996). The  effects  of  ozone  on  rheological  behaviour  of  whey  protein  

isolate stabilized  emulsions  (0.25%  w/w )  were  examined  in  this  study. In 

order to examine viscoelastic behaviour of whey protein isolate stabilised 

emulsions, untreated and ozone treated oils at different times (1, 5, 30, 60, 180 and 

360 min) were used. Dynamic  frequency  sweep  tests  were  applied in  the  linear  
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viscoelastic  range  for determination of the frequency depend on the elastic (G') 

and viscous moduli (G"). Figure 4.24 showed the viscoelastic behaviour of whey 

protein isolate stabilized emulsions prepared with untreated and ozone treated 

hazelnut oils. G' is a measure of the energy stored in a cycle of oscillation and G" is 

a measure of the energy dissipated as a viscous flow in a cycle of oscillation 

(Tadros, 2004). As shown in the figures, a more fluid-like  behaviour  was  

determined at low frequencies,  where  the  loss  modulus,  G",  was  higher than 

the storage modulus, G'. The crossover between G" and G' curves was observed at 

the different frequency ranges depending on ozone treatment time of hazelnut oils. 

For example, the crossover between G" and G' curves of emulsion prepared with 

untreated hazelnut oil was observed at 7.88 Hz, while the crossover between G" and 

G' curves of emulsion prepared with ozone treated hazelnut oil for 360 min was 

observed at 2.39 Hz. The crossover between G" and G' curves were changed as 

3.85, 4.89, 3.85, 3.03 and 2.39 Hz for emulsions containing ozone treated hazelnut 

oil for 1, 5, 30, 60, 180 and 360 min, respectively. It was said that the crossover 

between G" and G' curves shifted towards to low frequencies when ozone treatment 

time increased. Therefore, it was determined that emulsions containing ozone 

treated oils exhibited more solid like behaviour when ozone treatment time 

increased. At frequencies bigger than the crossover frequency, a solid-like 

behaviour was observed where G' was higher than G". According to Steffe (1992), 

this description of the mechanical spectra is characteristic of the viscoelastic fluids.    
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Figure 4.24 Viscoelastic moduli for emulsions prepared with untreated and ozone 

treated hazelnut oils (A: HO; B: OHO1; C: OHO5; D: OHO30; E: OHO60; F: 

OHO180; and G: OHO360). 

Loss tangent (defined as tan δ= G"/G') is a rheological parameter which a 

measurement of the relative magnitudes of the viscous and elastic components, i.e., 

the smaller the value of tan δ indicates the more elasticity of the sample (Tadros, 

2004). The behaviour of phase angle (tanδ) with time is also characteristic of a 

viscoelastic liquid at short times (around 90
0
) and reaches a value characteristic of 

an elastic solid (near 0
0
) at larger times (Valdez et al., 2006). According to our 

results, phase angle of all emulsions were around 90
0
 at shorter times. Thus, it was 
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evaluated that all emulsions prepared with untreated and ozone treated oil exhibits 

viscoelastic liquid behaviour. 

4.13 Microbiological analysis 

Microbiological studies for ozone treated hazelnut oils were performed at 

different treatment times for 15 and 60 min to investigate lethal effects of ozone on 

microorganism found in hazelnut oil. Ozone which known as strong oxidizing agent 

has been used commonly in food industry. Ozone treatment is a non-thermal 

process however; it destroys microorganisms by reacting with some components in 

the microbial cell, especially the components including double bonds, sulfhydryl 

groups, and phenolic rings. Therefore, phospholipids, intracellular enzymes, and 

genomic material are targeted by ozone; as a result of these reactions microbial cell 

is damaged and microorganisms are killed by ozone treatment. 

Table 4.17 Changes TPC and mould and yeast in hazelnut oil exposed to different 

times in ozone treatment.  

 

Table 4.17 showed that total plate count (TPC) and mold and yeast changes in 

untreated and ozone treated hazelnut oil. With ozone treatment process, TPC in the 

hazelnut oil decreased rapidly. As seen in the table, TPC of ozone treated hazelnut 

oil totally destroyed, while TPC of untreated hazelnut oil was 200 cfu/g. Mold and 

yeast in untreated hazelnut oil could not be detected and so, any change in mould 

and yeast could not be observed after ozone treatment. These results demonstrated 

that ozone treatment causes immediately killing effect on the microorganisms in 

hazelnut oil. In previous studies, it was reported that TPC in wheat flour decreased 

significantly, as the increase of ozone treatment time (Li et al., 2013). They 

investigated that fungicidal effectiveness of ozone treated sunflower oil. They 

 

 

 

Microorganism (cfu/g) 

Ozone treatment time (min) 

  

 

HO OHO15 OHO60 

    

Total plate count (TPC)  2x10
2
 <10 <10 

Mold and yeast  <10 <10 <10 
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suggested that ozone treated sunflower oil inhibited expansion and growth of 

microorganism. In this study, it could be detected that microorganism in the 

hazelnut oil sample could be destroyed totally for 15 min ozone treatment time. 

However, they reported that TPC of 15 min ozone treated wheat flour sample was 

reduced at 17% percentages. The differences in microbial lethal effectiveness might 

be due to the differences in physical and chemical properties between wheat flour 

and hazelnut oil.  
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CHAPTER 5 

 

CONCLUSIONS 

 

The present work presents the influences of ozone treatment on chemical and 

structural properties of hazelnut oil were investigated and the following results 

were obtained. 

Peroxide value (PV) and free fatty acid value (FFA); 

PV of ozone treated oil samples raised with increase in storage period. The 

increase in PV was observed to slow down in 60 and 180 min ozone treatment, 

since the oxidation of oil was expected to accomplish during ozone treatment. A 

reduction in the reaction rate was occurred because of disappearance of the double 

bond with increasing in ozone treatment time. An exponential increase in the PV of 

oil samples with the increase in ozone treatment time was observed. As the 

treatment time is extended, more ozone molecules contact the sample of oil, whose 

volume was kept constant in each ozone treatment, causing an extensive oxidation. 

FFA of oil samples were observed to increase as a function of ozone 

treatment time. An increase in the FFA value correlates well with the increase in 

PV in the ozone treatment process. The fat molecules which were already exposed 

to oxidation with ozone might be more sensitive to oxidation during storage 

resulting from structural changes. This may cause an inevitable increase of FFA 

values after storage period.  

Iodine value (IV); 

The iodine value (IV) of untreated and ozone treated hazelnut oil samples was 

significantly different (p<0.05). The IV of samples reduced with ozone treatment 

time, dramatically. A sharp reduction in iodine values of samples were observed 

after ozone treatment, whereas the iodine values of ozone treated samples slightly 

changed as a function of storage time. Statistical result showed that the change in 

IV as a function of storage was not significantly different (p>0.05). 
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Viscosity measurement; 

The viscosity values of the oil samples varied distinctly depending on the 

ozone treatment time. The highest viscosity was observed at 360 min ozone treated 

oil samples followed by 180, 60 and 30 min, respectively. However, the viscosities 

of 1 and 5 min ozone treated samples were observed as close to the viscosity of 

crude oil. The increase in viscosity of HO with respect to ozone treatment time 

could be explained with the decrease in unsaturation. 

The viscosity values of untreated and ozone treated hazelnut oil samples 

cannot change as a function of storage time, dramatically. The change in viscosity 

of ozone treated hazelnut oil was related with amount of unsaturated fatty chain. 

Therefore, the amount of double bonds of ozone treated oils could not change as a 

function of storage time. 

Hunter calorimeter; 

b* (b+ yellowness and b- blueness) and Y1 (yellowness index) values of oil 

samples reduced with ozone treatment time, dramatically when a* (a+ redness and 

a- greenness) values increased with ozone treatment time, slightly. L* (lightness) 

values changed with ozone treatment time slightly. The statistical results showed 

that changes in b* and Y1 values was significantly different (p<0.05) with ozone 

treatment time, but, there were no significant (p>0.05) changes in a* and L* values 

with ozone treatment time. 

DSC kinetics; 

Oxidative stability of ozone treated hazelnut oil was evaluated using kinetic 

parameters, the rate constant (k), the activation energy (Ea), activation enthalpy 

(ΔH
ffi
), activation entropy (ΔS

ffi
). k values showed an exponential rise with the 

increase of ozone treatment time. Consequently, the rate of oxidation reaction can 

be increased with ozone treatment time. 

The kinetic parameters were calculated for oil samples ozonated for 1 min 

and stored up to 90 days. The kinetic parameters indicated that the storage period 

did not affect the temperature sensitivity, rate of oxidation reaction, and hence the 

quality change or deterioration of ozone treated oil samples. This may be related 
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with the composition of oil sample that the oxidation that was detected by DSC 

might reflect more the extent of unsaturation rather than the formation of oxidation 

products. 

Statistically, kinetic parameters were significantly different (p<0.05) with 

respect to ozone treatment time. Ea of ozone treated oils showed a reducing trend as 

the ozone exposure period increased. Increasing of k and ∆S
ffi 

and decreasing of Ea 

and ∆H
ffi
 indicated a faster oxidation reaction when ozone exposure time of hazelnut 

oil extended. The rate constant of oxidation reaction showed excellent correlations 

with the standard chemical methods. The experimental results showed that FFA 

increased with the increase in reaction rate constant as the ozone treatment time 

was increased. Similarly, PV showed a dramatic increase with k as the ozone 

treatment time was extended. 

DSC heating and cooling thermogram; 

The endothermic melting peaks slightly shifted towards lower temperature 

when ozone treatment time is extended. The melting curve of hazelnut oil samples 

became broader and less evident from 30 min ozone treatment time onwards. After 

180 and 360 min ozone treatment, the melting curves became less evident or 

disappeared. 

The sharp exothermic crystallization shifted towards lower temperature with 

ozone treatment process and becoming broader and shorter as treatment time 

increased. The minor peak became less evident and apparently disappeared when 

ozone treatment proceeded. All these variations in cooling profile may be 

associated with oxidative products (i.e. free fatty acids, peroxide value, and 

oxidative induction time decrease. 

Gas chromatography analysis; 

A dramatic reduction in the unsaturated fatty acids content and an increase 

in the saturated fatty acid content in the oil was observed when ozone treatment 

proceeded. The decrease in the percentage of oleic acid was highest and linoleic 

acid was destroyed completely after ozone treatment for 360 min. Furthermore, an 

increase in the percentages of the saturated fatty acid was reached to highest value 
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with 360 min ozonation. Also, new peaks which being suggested formed mainly 

from the reaction of ozone with oleic acid and secondly with linoleic acid, were 

observed in the chromatograms. 

FTIR (Fourier transform infrared radiation) analysis; 

The variations were observed in frequency and absorbance of FTIR spectra 

bands after ozone treatment. Oxidation of oils leads to changes in the frequency of 

the same bands. The intensities of the bands related to double bonds in unsaturated 

oil decreased as ozone treatment extended.  Double bonds finally disappeared 

during ozone treatment for 360 min. The broad and relatively strong bands 

corresponding to primary or secondary ozonide were observed as ozone treatment 

proceeded.  

NMR (Nuclear magnetic resonance) analysis; 

NMR analysis confirmed that the structural changes in the hazelnut oil 

occurred during ozone treatment. The new signals found in ozone treated hazelnut 

oil. In 
1
H NMR spectra of ozone treated hazelnut oil, new signal at 5.15 ppm was 

found, the new signal was assigned to the ring proton of 1,2,4 trioxolane (secondary 

ozonide or Criegee ozonide). The result was confirmed by the appearance of the 

signal in 
13

C NMR spectra at 104.35 ppm assigned by them, as ring carbon in the 

same structure. Area of the new peaks increased with ozone treatment time. The 

signals of unsaturated bonds dramatically decreased with ozone treatment time and 

finally disappeared after ozone treatment for 360 min. 

Emulsifying properties; 

Ozone treatment significantly affected emulsion activity negatively 

(p<0.05).  Emulsion stability had been more pronounced affected negatively as 

ozone treatment time increased. The better stability was observed in the emulsion 

prepared with ozone treated oil for 360 min because of indicating highest viscosity 

value of oil at 360 min ozone treatment. Therefore, the motion of oil droplets in the 

emulsion slowed down when the viscosity of oil increased.  

Creaming rate of the emulsion prepared with short time ozone treated oils 

retarded compared to creaming behavior of the emulsion containing untreated oil. 
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However, a dramatic increase was observed in the creaming rate of the emulsion 

prepared with 180 min ozone treated oil. Creaming could not be observed because 

of a dramatic increase in viscosity of oil after ozone treatment for 360 min. 

Polarised light microscope (PLM); 

The image related with whey protein stabilized emulsion prepared with 

untreated hazelnut oil was indicated that small and isolated spherical oil droplets. 

The oil droplet size of emulsions enlarged when the ozone treatment time 

increased. Especially, the optical microscopy measurements of emulsion 

microstructure confirmed that large droplet flocculation formed in the emulsions 

containing ozone treated oils for 60, 180 and 360 min. The emulsion prepared with 

360 min ozone treated oil had a fairly coarse microstructure. 

Rheological properties of emulsions; 

The crossover between G" and G' curves shifted towards to low frequencies 

when ozone treatment time increased. Therefore, the emulsions containing ozone 

treated oils exhibited more solid like behaviour when ozone treatment time 

increased. 

Microbiological analysis; 

With ozone treatment process, TPC in the hazelnut oil decreased rapidly. 

TPC of ozone treated hazelnut oil totally destroyed, while TPC of untreated 

hazelnut oil was 200 CFU/g. Mould and yeast in untreated hazelnut oil could not be 

detected and so, any change in mould and yeast could not be observed after ozone 

treatment. 

 

 

 

 

 

 

 

 

 



 

105 

 

 

 

 

 

REFERENCES 

Abramovic, H., Klofutar, C. (1998). The temperature dependence of dynamic 

viscosity for some vegetable oils. Acta Chimica Slovenica, 45(1), 69–77. 

Adhvaryu, A., Erhan, S. Z., Liu, Z. S., Perez, J. M. (2000). Oxidation kinetic 

studies of oils derived from unmodified and genetically modified vegetables using 

pressurized differential scanning calorimetry and nuclear magnetic resonance 

spectroscopy. Thermochimica Acta, 364, 87-97. 

Akoh, C. C., Min, D. B. (2002). Food Lipids: Chemistry, Nutrition, and 

Biotechnology, 2
nd

 ed., Marcel Dekker, Inc., New York. 

Alasalvar, C., Amaral, J. S., Satır, G., Shahidi, F. (2009). Lipid characteristics and 
essential minerals of native Turkish hazelnut varieties (Corylus avellana L.), Food 

Chemistry, 113, 919–925. 

Alasalvar, C., Amaral, J. S., Shahidi, F. (2006). Functional lipid characteristics of 

Turkish Tombul hazelnut (Corylus avellana L.). Journal of Agricultural and Food 

Chemistry, 54, 10177–10183. 

Alasalvar, C., Odabasi, A. Z., Demir, N., Balaban, M. O., Shahidi, F., Cadwallader, 

K. R. (2004). Volatiles and flavour of five Turkish hazelnut varieties as evaluated 

by descriptive sensory analysis, electronic nose, and dynamic headspace 

analysis/gas chromatography–mass spectrometry. Journal of Food Science, 69, 

SNQ99–SNQ106. 

Alasalvar, C., Shahidi, F., Cadwallader, K. R. (2003). Comparison of natural and 

roasted Turkish Tombul hazelnut (Corylus avellana L.) volatiles and flavour by 

DHA/GC/MS and descriptive sensory analysis. Journal of Agricultural and Food 

Chemistry, 51, 5067–5072. 

Alben Erçelebi, E., Ġbanoğlu, E. (2007). Influence of hydrocolloids on phase 
separation and emulsion properties of whey protein isolate. Journal of Food 

Engineering, 80, 454-459. 

Alphan, E., Pala, M., Ackurt, F., Yilmaz, T. (1997). Nutritional composition of 

hazelnuts and its effects on glucose and lipid metabolism. Acta Horticulturae, 445, 

305–310. 

Andrew, T., Tait, P. G. (1860). "On the Volumetric Relations of Ozone and the 

Action of the Electrical Discharge on Oxygen and other Gases". Philosophical 

Transactions of the Royal Society, 113-132. 

Anneken, D. J., Both, S., Christoph, R.,  Fieg, G.,  Steinberner, U.,  Westfechtel, A. 

(2006). "Fatty Acids" in Ullmann's Encyclopedia of Industrial Chemistry, Wiley-

VCH.  

Anonymous. (1972). Use of ozone in sea water for cleansing shellfish. Effluent 
Water Treatment Journal, 12, 260–262. 



 

106 

 

Anonymous. (1995). 7 Series/UNIX DSC7 user’s manual. Software version 4.0. 
Norwalk, CT, USA: Perkin-Elmer Corporation. 

Antolovich, M., Prenzler, P. D., Patsalides, E., Mcdonald, S., Robards, K. (2002). 

Analyst, 127, 183–198. 

Anton, M., Beaumal, V., Gandemer, G. (2000). Adsorption at the oil water 

interface and emulsifying properties of native granules from egg yolk: effect of 

aggregated state. Food Hydrocolloids, 14, 327–335. 

AOCS. American Oil Chemist’ Society. (1998). Peroxide value. AOCS official 
method. In: Firestone, D. (Ed.), Official   Methods and Recommended Practices of 
AOCS, 5

th
 ed. American Oil Chemists’ Society, Champaign, IL, 8–87 p. 

Atkins, P., De Paua, J. (2006). Physical Chemistry for the Life Sciences. New 

York: Oxford University Press, 256–259 p. 

Atkinson, R., Carter, W. P. L. (1984). Kinetics and mechanisms of the gas-phase 

reactions of ozone with organic compounds under atmospheric conditions. 

Chemical Reviews, 84 (5), 437–470. 

Ayfer, M., Turk, R., and Eris, A. (1997). Chemical composition of Degirmendere 

hazelnut and its importance in human nutrition. Acta Horticulturae, 415, 51–53. 

Bada, J. C., León-Camacho, M., Prieto, M., Alonso, L. (2004). Characterization of 

oils of hazelnuts from Asturias, Spain. European Journal of Lipid Science and 

Technology, 106, 294–300. 

Bailey, P. S. (1982). Ozonation in organic chemistry, 2: Non olefinic compounds. 

San Diego, USA: Academic Press.  

Balta, M. F., Yarılgaç, T., AĢkın. M. A., Kuçuk, M., Balta, F., Özrenk, K. (2006). 
Determination of fatty acid compositions of oil contents and some quality traits of 

hazelnut genetic resources grown in eastern Anatolia of Turkey. Journal of Food 

Composition and Analysis. 19, 681–686. 

Bas, F., Ömeroglu, S., Turdu, S., AktaĢ, S. (1986). Önemli fındık ceĢitlerinin 

bileĢim özelliklerinin saptanması. Gıda, 11, 195–203. 

Bellar, T. A., Lichtenberg, J. J., and Kroner, R. C. (1974). The occurrence of 

organohalides in chlorinated drinking water. Journal of the American Water Works 

Association, 66 (12), 703–706. 

Berger, K. G. (1984). The practice of frying. PORIM Technology: Palm oil 

Research Institue, Malaysia, 9 p. 

Beuchat, L. R. (1992). Surface disinfection of raw produce. Dairy, Food and 

Environmental Sanitation, 12, 6–9. 

British Pharmacopoeia. (2000). Appendix XF, IA, IB. Acid value. 

Cataldo, F. (2003). On the action of ozone on proteins. Polymer Degradation and 

Stability, 82, 105-114. 

Chapman, T. M., Kim, H.J., Min, D. B. (2009). Prooxidant activity of oxidized α-

tocopherol in vegetable oils. Food Chemistry, 74, 536–542. 

Che Man, Y. B., Setiowaty, G. (1999). Application of fourier transform infrared 

spectroscopy to determine free fatty acid contents in palm olein. Food Chemistry, 

66, 109–114. 



 

107 

 

Che Man, Y. B., Swe, P. Z. (1995). Thermal analysis of failed- batch palm oil by 

differential scanning calorimetry. Journal of the American Oil Chemists Society, 

72, 1529-1532. 

Chen, R., Maa, F., Li, P., Zhang, W., Ding, X., Zhang, Q., Li, M., Wanga, Y., Xu, 

B. (2014). Effect of ozone on aflatoxins detoxification and nutritional quality of 

peanuts. Food Chemistry, 146, 284–288. 

Chiavaro, E., Rodriguez- Estrada, M. T., Vittadini, E., Pellegrini, N. (2010). 

Micfrowave heating of different vegetable oils, relation between chemical and 

thermal parameters. Food Science and Technology, 43, 1104-1112. 

Chiavaro, E., Vittadini, E., Rodriguez- Estrada, M. T., Cerratini, L., Bendini, A., 

(2008). Differential scanning calorimeter application to the detection of refined 

hazelnut oil in extra virgin olive oil. Food Chemistry, 110, 248-256. 

Christie, W. W. (2002). Lipid Analysis, The Oily Press. 3
rd

 edition. Bridgwater, 

UK. 

Cloo, Y. M., Ma, A. N., Yap, S. C., Ooi, C. K., Basinon, Y. (1993). Palm Oil 

Development, 19, 30–40. 

Coke, A. L. (1993). Mother nature’s best remedy: Ozone. Water Conditioning and 

Purification, 48–51. 

Criegee, R. (1975). Mechanism of Ozonolysis. Angewandte Chemie International 

Edition, 14(11), 745–752.  

Cuthbertson, C., Cuthbertson, M. (1914). "On the refraction and dispersion of the 

halogens, halogen acids, ozone, steam oxides of nitrogen, and ammonia". 

Philosophical Transactions of the Royal Society. 

Das, K. P., Kinsella, J. E. (1989). pH dependent emulsifying properties of β-

lactoglobulin. Journal of Dispersion Science Technology, 10, 77–102. 

Demetriades, K., Coupland J., McClements, D. J. (1997). Physical properties of 

whey protein stabilized emulsions as related to pH and NaCl. Journal of Food 

Science, 62, 342-347. 

Dickinson, E. (1998). Stability and rheological implications of electrostatic milk 

protein-polysaccharide interactions, Trends Food Science and Technology, 9, 347–
354. 

Diehl, B. W. L. (1998). Lipid Analysis in Oils and Fats, R. J. Hamilton, (Ed.) 

Blackie Academic & Professional, London, 87–135 p. 

Dobarganes, C., Velasco J. (2002). European Journal of Lipid Science and 

Technology, 104, 661–676. 

Dogan, A., Siyakus, G., Severcan, F. (2007). FTIR spectroscopic characterization 

of irradiated hazelnut (Corylus avellana L.).Food Chemistry, 100, 1106–1114. 

Doleiden, F. H., Farenholtz, S. R., Lamola, A. A., Trozzolo, A. M. (1974). 

Photochemistry and Photobiology, 20, 519–521. 

Dosti, B. (1998). Effectiveness of ozone, heat and chlorine for destroying common 

food spoilage bacteria in synthetic media and biofilms. Thesis. Clemson Universtiy, 
Clemson, SC. 



 

108 

 

Durak, I., Köksal, I., Kacmaz, M., Büyükkocak, S., Cimen, B. M. Y., Öztürk, H. S., 

(1999). Hazelnut supplementation enhances plasma antioxidant potential and 

lowers plasma cholesterol levels. Clinica Chimica Acta, 284, 113–115. 

Encylopedia Britannica. (1885). Vol. XVIII (ORN-PHT). 9
th

 edition. Charles 

Scribner's Sons, New York, 113 p.  

European pharmacopoeia. (2004). Iodine value. Council of Europe. 5
th

 edition. 

Strasbourg Cedex, France, 127–128 p. 

Firestone, D. (1993). AOCS, Official methods and recommended practices of the 

American oil chemists’ society. (4th ed.), Champaign, Illinois: American Oil 
Chemists’s Society. 

Fox, P. F., McSweeney, P. L. H. (1998). Milk proteins. Dairy chemistry and 

biochemistry. London: Blackie Academic and Professional. 146–237 p. 

Frankel, E. N. (1998).  Lipid Oxidation. The Oily Press, Dundee, U.K. 43–54 p. 

Fu, M., Qu, Q., Yang, X., Zhang, X. (2016). Effect of intermittent oven drying on 

lipid oxidation, fatty acids composition and antioxidant activities of walnut. Food 

Science and Technology, 65, 1126–1132. 

Gibson, C. A., Elliot, J. A., and Beckett, D. C. (1960). Ozone for controlling mould 

on Cheddar cheese. Canadian Dairy and Ice Cream Journal, 14, 24–28. 

Giese, J. (2000). Colour measurement in foods as a quality parameter. Food 

Technology, 54 (2), 62–65. 

Gloria, H., Aguilera, J. M. (1998). Assessment of the quality of heated oils by 

differential scanning calorimetry. Journal of Agricultural Food Chemistry, 46, 

1363–1368. 

Greene, A. K., Few, B. K., Serafini, J. C. (1993). Ozonated vs chlorinated 
sanitization of stainless stell surfaces soiled with milk spoilage organisms. Journal 

of Dairy Science, 76, 3617–3620. 

Guillen, M. D., Cabo, N. (2002). Fourier transforms infrared spectra data versus 

peroxide and anisidine values to determine oxidative stability of edible oils. Food 

Chemistry, 77, 503–10. 

Guillen, M. D., Cabo, N. (2000). Some of the most significant changes in the 

Fourier transform infrared spectra of edible oils under oxidative conditions. Journal 

of the Science of Food and Agriculture, 80, 2028–2036. 

Guillen, M. D., Cabo, N. (1997). Characterization of edible oils and lard by Fourier 

transform infrared spectroscopy. Relationships between composition and frequency 

of concrete bands of the fingerprint region. Journal of the American Oil Chemists 

Society, 74(10), 1281-1286. 

Gulseren, I., Guzey, D., Barry, D., Bruce, C. (2007). Structural and functional 

changes in ultrasonicated bovine serum albumin solutions, Ultrasonics 

Sonochemistry, 14, 173–183. 

Gunstone, F. D., Harwood, J. L., Padley, F. B. (1995). The Lipid Handbook. 2
nd

 

edition. Chapman and Hall, London, UK.  

Guzel-Seydim, Z. B., Greene, A. K., Seydim, A. C. (2004). Use of ozone in the 

food industry. Food Science and Technology, 37(4), 453–460. 



 

109 

 

Guzel-Seydim, Z. B. (1996). The use of ozonated water as a cleaning agent in dairy 

processing equipment. Thesis. 

Guzey D., McClements D. J. (2006). Formation, stability and properties 

of multilayer emulsions for application in the food industry. Advance 

Colloid Interface Science, 128, 227–248. 

Guzey, D. (2001). High-intensity ultrasonic processing improves emulsifying 

properties of proteins. Colloidal and Interfacial Food Science Laboratory, 18, 967–
975. 

Hautefeuille, P., Chappuis, J. (1882). Comptes Rendus Hebdomadaires Des 

Seances De l'Academie Des Sciences, 94, 1249.  

"Hazelnuts in Ontario – Growing, Harvesting and Food Safety". 2012. 

https://en.wikipedia.org/wiki/Hazelnut, 15.05.2016.  

Herrera, E., Barbas, C. (2001). Vitamin E: Action, metabolism and perspectives. 

Journal of Physiology and Biochemistry, 57, 43-56. 

Hill, A. G., Rice, R. G. (1982). Historical background, properties and applications.  

Ozone treatment of water for cooling application. Ann Arbor, MI: Ann Arbor 

Science Publishers, 1–37 p. 

Howell, N. K., Herman, H., Li-Chan, E. C. Y. (2001). Elucidation of protein lipid 

interaction in a lysozymed corn oil system by Fourier transform Raman 

spectroscopy. Journal of Agricultural and Food Chemistry, 49(3), 1529-1533.  

Huang, X., Kakuda, Y., Cui, W. (2001). Hydrocolloids in emulsions: particle size 

distribution and interfacial activity. Food Hydrocolloids, 15, 533-542. 

Hunt, J. A., Dalgleish, D. G. (1994). Effect of pH on the stability and surface 

composition of emulsions made with whey protein isolate. Journal of Food 

Science, 59, 2131. 

Hunt, T. J. (1848). The journal of American science, 6, 171.    

ISO 4833-1 (2013). Microbiology of the food chain-Horizontal method for the 

enumeration of microorganisms, International Standard. 

ISO 25217-2 (2008). Microbiology of food and animal feeding stuffs, Horizontal 

method for the enumeration of yeasts and moulds, Part 2: Colony count technique 

in products with water activity less than or equal to 0.95, International Standard. 

IUPAC Compendium of Chemical Terminology (2
nd

 edition) (1997). International 

Union of Pure and Applied Chemistry. ISBN 0-521-51150-X. Retrieved 2007-10-

31. 

Jung, M.Y., Min, D.B. (1990). Effects of α -, γ -, and δ-tocopherols on the oxidative 

stability of purified soybean oil. Journal of Food Science, 55, 1464–1465.  

Kakalis, L. T., Regenstein, J. M. (1986). Effect of pH and salts on the solubility of 

egg white protein. Journal of Food Science, 51(6), 1445–1447. 

Kamal-Eldin, A., Budilarto, E. (2015). Tocopherols and tocotrienols as antioxidants 

for food preservation. Handbook of Antioxidants for Food Preservation Elsevier, 

141–159 p.  

https://en.wikipedia.org/wiki/Hazelnut


 

110 

 

Kaneko, F., Yamazaki, K., Kitagawa, K., Kikyo, T., Kobayashi, M. (1997). 

Structure and Crystallization Behaviour of the β Phase of Oleic Acid. The journal 

of Physical Chemistry, 101(10), 1803-1809. 

Kang, T., Dasgupta, P. K. (1999). Analytical Chemistry, 71, 1692. 

Kim, J., Kim, D. N., Lee, S. H., Yoo, S. H., Lee, S. (2010).Correlation of fatty acid 

composition of vegetable oils with rheological behaviour and oil uptake. Food 

Chemistry, 118, 398–402. 

Kim, J. G., Yousef, A. E., Dave, S. (1999). Application of ozone for enhancing the 

microbiological safety and quality of foods: A review. Journal of Food Protection, 

62(9), 1071–1087. 

King, C. J., Blumberg, J., Jenab, M., Tucker, K. L. (2008). Tree nuts and peanuts as 

components of a healthy diet. Journal of Nutrition, 138(9), 1736-1740. 

Kiritsakis, A., Kanavouras, A., Kiritsakis, K. (2002). European Journal of Lipid 

Science and Technology, 104, 628–638. 

Klemaszewski, J. L., Das, K. P., Kinsella, J. E. (1992). Formation and coalescence 

stability of emulsions stabilized by different milk proteins. Journal of Food 

Science, 57, 366–371, 379. 

Kogelschatz, U. (1988). Advanced ozone generation. Stucki, S. (Ed.), Process 

technologies for water treatment. New York, Plenum Publishers, 87–120 p. 

Koksal, A. I., Artik, N., Simsek, A., Günes, N. (2006). Nutrient composition of 
hazelnut (Corylus avellana L) varieties cultivated in Turkey. Food Chemistry, 99, 

509–515. 

Koksal, A. I. (2002). Turkish hazelnut cultivars. ISBN: 975-92886-1-3. 136 p. 

Kornsteiner, M., Wagner, K. H., Elmadfa, I. (2006). Tocopherols and total 

phenolics in 10 different nut types. Food Chemistry, 98, 381–387. 

Laidler,  K. J. (1987). Chemical Kinetics. Harper & Row, New York. 531p. 

Lee, S. Y., Morr, C. V., Ha, E. Y. W. (1992). Structural and functional properties of 

caseinate and whey protein isolate as affected by temperature and pH. Journal of 

Food Science, 57, 1210–1213. 1229. 

Le Poole, H. A. C. (1995). Natural oils and fats multifunctional ingredients for skin 

care. Cosmetics & Toiletries Manufacture Worldwide. 47-56 p. 

Li, M., Peng, J., Zhu, K., Guo, X., Zhang, M., Peng, W., Zhou, H. (2013). 

Delineating the microbial and physical–chemical changes during storage of ozone 

treated wheat flour. Innovative Food Science and Emerging Technologies, 223-229. 

Liu, H. R., White, P. J. (1992). Oxidative stability of soybean oils with altered fatty 

acid compositions. Journal of the American Oil Chemists Society, 53, 528-532. 

Maguire, L. S., O’Sullivan, S.M., Galvin, K., O’Connor, T. P., and O’Brien, N. M. 
(2004). Fatty acid profile, tocopherol, squalane and phytosterol content of walnuts, 

almonds, peanuts, hazelnuts and the macadamia nut. International Journal of Food 

Science and Nutrition, 3, 171–178. 

Mailfert, A. (1894). Comptes Rendus Hebdomadaires Des Seances De l'Academie 

Des Sciences, 119, 951.  



 

111 

 

Majchrowicz, A. (1998). Food safety technology: a potential role for ozone. 

Agricultural Outlook, Economic Research Service, USDA.13–15 p. 

Manley, T. C., Niegowski, S.J. (1967). Ozone. In Encylopedia of chemical 

technology. Volume 14, 2
nd

 edition. Wiley, New York, 410-432 p. 

McClements, D. J. (2012). Advances in fabrication of emulsions with enhanced 

functionality using structural design principles. Current Opinion in Colloid & 

Interface Science, 17, 235–245. 

McClements, D. J., Decker, E., Weiss, J. (2007). Emulsion based delivers system 

for lipophilic bioactive components. Journal Food Science, 72(8), 109-124. 

McClements, D. J. (2004). Food Emulsions:  Principles, Practices, and Techniques, 

2
nd

 edition. CRC Press, Boca Raton, FL. 

Medina, I.,  Sacchi, R.,  Giudicianni, I., Aubourg, S. (1998). Journal of the 

American Oil Chemists’ Society, 75, 147–154. 

Mehlman, M. A., Borek, C. (1987). Toxicity and biochemical mechanisms of 

ozone. Environmental Research, 42, 36–53. 

Melendez-Martinez, A. J., Vicario, I. M., Heredia, F. J. (2007). Carotenoids, colour, 

and ascorbic acid content of a novel frozen-marketed orange juice. Journal of 

Agricultural and Food Chemistry, 55, 1347-1355. 

Mercanlıgil, S. M., Arslan, P., Alasalvar, C., Okut, E., Akgul, E., Pınar, A. (2007). 
Effects of hazelnut-enriched diet on plasma cholesterol and lipoprotein profiles in 

hypercholesterolemic adult men. European Journal of Clinical Nutrition, 61, 212–
220. 

Micic, M.M., Ostojic, S.B., Simonovic, M.B., Krstic, G., Pezo, L.L., Simonovic, 

B.R.  (2015). Kinetics of blackberry and raspberry seed oils oxidation by DSC. 

Thermochimica Acta, 601, 39–44. 

Miller, G. W., Rice, R. G., Robson, C. M., Scullin, R. L., Kuhn, W., Wolf, H. 

(1978). An assessment of ozone and chlorine dioxide technologies for treatment of 

municipal water supplies. US Environmental Protection Agency Report No. EPA-

600/2-78-147. Washington, DC: US Government printing Office. 

Min, D. B., Akoh, C. C. (1998). Food Lipids: Chemistry, Nutrition and 

Biotechnology, Marcel Dekker, Inc., New York, 289–292 p. 

Miwa, T. (1971). Jojoba Oil Wax Esters and Derived Fatty Acids and Alcohols: 

Gas Chromatographic Analyses". Journal of the American Oil Chemists Society, 

48(6), 259–264. 

Monahan, F. J., McClements, D. J., German, J. B. (1996). Disulfide mediated 

polymerization reactions and physical properties of heated WPI-stabilized 

emulsions. Journal of Food Science, 61, 504–509. 

Moore, W. J. (1972). Physical Chemistry. 5
th

 edition. Longman Group Limited, 

London, UK, 381-387 p. 

Murray, R.W. (1968). Mechanism of ozonolysis. Accounts of Chemical Research, 

1(10), 313-320.  

http://naldc.nal.usda.gov/download/31317/PDF
http://naldc.nal.usda.gov/download/31317/PDF


 

112 

 

Murray, R.W., Youssefyeh, R.D., Story, P.R. (1967). Ozonolysis. Steric and 

stereochemical effects in the olefin. Journal of American Oil Chemist Society, 89, 

2429–2434. 

Mustafa, M. G. (1990). Biochemical basis of ozone toxicity. Free Radical Biology 

and Medicine, 9, 245–265. 

Nakai, S., Chan, L. (1985). Structure modification and functionality of whey 

proteins: quantitative structure-activity relationship approach. Journal of Dairy 

Science, 68 (10), 2763-2772. 

Naumov, V.V., Vasil’ev, R.F. (2003). Antioxidant and pro-oxidant effects of 

tocopherol. Kinetics and Catalysis, 44, 101–105. 

Nishikawa, N., Yamada, K., Matsutani, S., Higo, M., Kigawa, H., Inagaki, T. 

(1995). Structures of ozonolysis products of methyl oleate obtained in a carboxylic-

acid medium. Journal of American Oil Chemist Society, 72 (6), 735-740. 

Norton, J. S., Charig, A. J., Demoranville, I. E. (1968). The effect of ozone on 

storage of cranberries. Proceedings of the American Society for Horticultural 

Science, 93, 792–796. 

Oehlschlaeger, H. F. (1978). Reactions of ozone with organic compounds. Rice, R. 

G., Cotruvo, J. A.  (Eds.), Ozone/chlorine dioxide oxidation products of organic 

material Cleve-land, Ozone Press International, 20–37 p. 

Ozdemir, F., Topuz, A., Dogan, U., Karkacıer, M. (1998). Fındıkcesitlerinin bazı 
fiziksel ve kimyasal ozellikleri. Gıda, 23, 37–41. 

Packer, L. (1991). Protective role of vitamin E in biological systems. American 

Journal of Clinic Nutrition, 53, 1050S-1055S. 

Papadakis, S. E., Abdul-Malek, S., Kamdem, R. E.,and Yam, K. L. (2000). A 

versatile and inexpensive technique for measuring colour of foods. Food 

Technology, 54(12), 48–51. 

Parcerisa, J., Casals, I., Boatella, J., Codony, R., Rafecas, M. (2000). Analysis of 

olive and hazelnut oil mixtures by high-performance liquid chromatography–
atmospheric pressure chemical ionisation mass spectrometry of triacylglycerols and 

gas–liquid chromatography of non-saponifiable compounds (tocopherols and 

sterols). Journal of Chromatography A, 881, 149–158. 

Pearce, K. N., Kinsella, J. E. (1978). Emulsifying properties of proteins: evaluation 

of a turbidimetric technique. Journal of Agriculture and Food Chemistry, 26, 716-

723. 

Peleg, M. (1976). Review paper: The chemistry of ozone in the treatment of water. 

Water Research, 10, 361–365. 

Pelegrine, D. H. G., Gasparatto, C. A. (2005). Whey proteins solubility as function 

of temperature and pH. LWT-Food Science and Technology, 38, 77-80. 

Pongsawatmanit, R., Harnsilawat, T., McClements, D. J. (2006). Influence of 

alginate, pH and ultrasound treatment on palm oil-in-water emulsions stabilized by 

β-lactoglobulin. Colloids and Surfaces A: Physicochemical Engineering Aspects, 

287, 59–67. 



 

113 

 

Poku, K. (2002). Origin of oil palm. Small-Scale Palm Oil Processing in Africa. 

FAO Agricultural Services Bulletin 148. Food and Agriculture Organization. 

ISBN 92-5-104859-2. 

Pryor, W. A. (1994). Mechanisms of radical formation from reactions of ozone with 

target molecules in the lung. Free Radical Biology and Medicine, 17, 451-465. 

Ragnarsson, J. O., Labuza, T. P. (1977). Accelerated shelf life testing for oxidative 

rancidity in foods -A review. Food Chemistry, 2, 291–308. 

Rawls H., R., Van Santen, P., J. (1970). Journal of American Chemist Society, 47, 

121–125. 

Rice, R. G. (1986). Application of ozone in water and waste water treatment. Rice, 

R. G.  and Browning M. J.  (Eds.), Analytical aspects of ozone treatment of water 

and waste water Syracuse, New York, The Institute, 7–26 p. 

Rice, R. G., Farguhar, J. W., Bollyky, L. J. (1982). Review of the applications of 

ozone for increasing storage times of perishable foods. Ozone Science and 

Engineering, 4, 147–163. 

Rice, R. G., Robson, C. M., Miller, G. W., Hill, A. G. (1981). Uses of ozone in 

drinking water treatment. Journal of the American Water Works Association, 73(1), 

44–57. 

Riuz, A., Ayora-Canada, M. J., Lendl, B. (2001). Analyst, 126, 242–246. 

Rocha, A. M. C. N., Morais, A. M. M. B. (2003). Shelf life of minimally processed 

apples (cv. Jonagored) determined by colour changes. Food Control, 14, 13–20. 

Sadowska, J., Johansson, B., Johannessen, E., Friman R., Broniarz-Press, L., 

Rosenholm, J. B. (2008). Characterization of ozonated vegetable oils by 

spectroscopic and chromatographic methods. Chemistry and Physics of Lipids, 151, 

85–91. 

Safar, M., Bertrand, D., Robert, P., Devaux, M. F., Genot, C. (1994). 

Characterization of edible oils, butters and margarines by fourier transform infrared 

spectroscopy with attenuated total reflectance. Journal of American Chemist 

Society, 71, 371–377. 

Sanders, T. H., Lansden, J. A., Greene, R. L., Drexler, J. S., Williams, E. J. (1982). 

Oil characteristics of peanut fruit separated by a nondestructive maturity 

classification method. Peanut Science, 9, 20–23. 

Sanders, T. H. (1979). Varietal differences in peanut triacylglycerol structure. 

Lipids, 14, 630–633. 

Santos, J. C. O., Santos, I. M. G., Conceiça˘o, M. M., Porto, S. L., Trindade, M. F. 
S., Souza, A. G. (2004). Thermoanalytical, kinetic and rheological parameters of 

commercial edible vegetable oils. Journal of Thermal Analysis and Calorimetry, 

75, 419–428. 

Schönbein, C. F. (1840). Comptes Rendus Hebdomadaires Des Seances De 

l'Academie Des Sciences, 10, 706. 

Schönbein, C. F. (1868)."Notice of Christian Frederic Schönbein, The Discover of 
Ozone ". Annual Report of the Board of Regents of the Smithsonian Institution. 

Washington, DC: US, Government Printing Office, 185-192 p.  

http://www.fao.org/DOCREP/005/y4355e/y4355e03.htm
http://en.wikipedia.org/wiki/Food_and_Agriculture_Organization
http://en.wikipedia.org/wiki/International_Standard_Book_Number
http://en.wikipedia.org/wiki/Special:BookSources/92-5-104859-2


 

114 

 

Schwartz, L. W., Dungworth, D. L., Mustafa M. G., Tarkington, B. K., Tyler, W. S. 

(1976). Pulmonary responses of rats to ambient levels of ozone. Laboratory 

Investigation, 34, 565–578. 

Scrimgeour, C. (2005). Chemistry of Fatty Acids. Shahidi F., (Ed.), Bailey’s 
Industrial Oil and Fat Products. 6

th
 edition. 6 Volume Set. John Wiley and Sons, 

Inc., 1-5 p. 

Sega, A., Zanardi, I., Chiasserini, L., Gabbrielli, A., Bocci, V., Travagli, V. (2010). 

Properties of sesame oil by detailed 1 H and 13 C NMR assignments before and 

after ozonation and their correlation with iodine value, peroxide value, and 

viscosity measurements. Chemistry and Physics of Lipids, 163, 148–156. 

Seydim, A. C., Ertekin, B. (2006). Effect of various packaging materials on 

hazelnut oil quality during storage. Süleyman Demirel Üniversitesi, Fen Bilimleri 

Enstitüsü Dergisi, 10, 341–345. 

Shahidi, F., Alasalvar, C., and Liyana-Pathirana, C. M. (2007). Antioxidant 

phytochemicals in hazelnut kernel (Corylus avellana L.) and hazelnut by-products. 

Journal of Agricultural and Food Chemistry, 55, 1212–1220. 

Shahidi, F., Wanasundara, U. N. (2002).  C. C. Akoh and D. B. Min, eds., Food 

Lipids: Chemistry, Nutrition and Biotechnology, Marcel Dekker, Inc., New York, 

465–487 p. 

Sheldon, B. W., Brown, A. L. (1986). Efficacy of ozone as a disinfectant for 

poultry carcasses and chill water. Journal of Food Science, 51(2), 305–309. 

Shimizu, M., M. Saito, Yamauchi, K. (1986). Hydrophobicity and Emulsifying 

Activity of Milk Proteins. Agricultural and Biological Chemistry, 50, 791–792.  

Siemens, V. (1857). Poggendorff's Annalen, 102-120. 

Silverstein, R. M., Blaser, G. C., Morril, T. C. (1974). Spectrometric Identification 

of Organic Compounds. 3rd edition. John Wiley and Sons, New York, 73–119 p. 

Skalska, K., Ledakowicz, S., Perkowski, J., Sencio, B. (2009). Germicidal 

Properties of Ozonated Sunflower Oil. Ozone Science Engineering, 31, 232–237. 

Soriano, N.U., Migo, V.P., Matsumura, M. (2003). Functional group analysis 

during ozonation of sunflower oil methyl esters by FT-IR and NMR. Chemistry and 

Physics of Lipids, 126, 133–140. 

Souza, A. G., Santos, J. C. O., Conceição, M. M., Silva, M. C. D., Prasad, S. 
(2004). A Thermo analytic and kinetic study of sunflower oil. Brazilian Journal of 

Chemical Engineering, 21(2), 265 – 273. 

Steffe, J. F. (1996). Rheological Methods in Food Process Engineering (2
nd

 edition) 

Freeman Press, USA. 

Syed, A. (2016). Oxidative Stability and Shelf Life of Vegetable Oils, Oxidative 

Stability and Shelf Life of Foods Containing Oils and Fats, London, UK, 187–207p. 

Tadros, T. (2004). Application of rheology for assessment and prediction of the 

long-term physical stability of emulsions. Advances in Colloids and Interface 

Science, 108-109, 227-258.  



 

115 

 

Tan, C.P., Che Man, Y.B. (2002). Recent developments in differential scanning 

calorimetry for assessing oxidative deterioration of vegetable oils. Trends in Food 

Science and Technology, 13, 312–318. 

Tan, C. P., Man, C. H., Selamat, C., Yusoff, M.S.A. (2001). Application of 

arrhenius kinetics to evaluate oxidative stability in vegetable oils by isothermal 

differential scanning calorimetry. Journal of the American Oil Chemists Society, 

78, 1133-1138. 

Tan, C.P., Che Man, Y.B. (2000). Differential Scanning Calorimetric Analysis of 

Edible Oils: Comparison of Thermal Properties and Chemical Composition. 

Journal of the American Oil Chemists’ Society, 77, 143–155. 

Tan, C. P., Che Man, Y. B. (1999a). Differential scanning calorimetric analysis for 

monitoring the oxidation of heated oils. Food Chemistry, 67, 177–184. 

Tan, C.P., Che Man, Y.B. (1999b). Quantitative differential scanning calorimetric 

analysis for determining total polar compounds in heated oils. Journal of the 

American Oil Chemists’ Society, 76, 1047–1057. 

Thomas, A. (2002). "Fats and Fatty Oils". Ullmann's Encyclopedia of Industrial 

Chemistry. Weinheim: Wiley-VCH. 

Thurgood, J., Ward, R., Martini, S. (2007). Oxidation kinetics of soybean 

oil/anhydrous milk fat blends: A differential scanning calorimetry study. Food 

Research International, 40, 1030–1037. 

Trussell, R. R., Umphres, M. D. (1978). The formation of trihalomethanes. Journal 

of the American Water Works Association, 70, 604–612. 

Tsanev, R., W. Tashkov, Russeva, A. (1998). Content of trans-Fatty Acids in 

Edible Margarines. Journal of the American Oil Chemists Society, 75(2), 143-145. 

TS 6581. Turkish Standards. (2003). Refined Hazelnut oil. 

USDA. United States Department of Agriculture. (2004). World Hazelnut Situation 

and Outlook.  

USDA. United States Department of Agriculture. (1997). Code of Federal 

Regulations, Title 9, Part 381.66. Poultry products; temperatures and chilling and 

freezing procedures. Office of the Federal Register National Archives and Records 

Administration, Washington, DC. 

Valdez, M.A., Acedo-Carrillo, J.I., Rosas-Durazo, A., Lizardi, J., Rinaudo, M., 

Goycoolea, F.M. (2006). Small deformation rheology of mesquite gum stabilized 

oil in water emulsions. Carbohydrate polymers, 64, 205-211. 

Velasco, J., Anderson, M. L., Skibsted, L. H. (2004). Food Chemistry, 85, 623–632. 

Verheul, M., Roefs, S. P. F. M., Kruif, K. G. (1998). Kinetics of heat-induced 

aggregation of a-lactoglobulin. Journal of Agricultural and Food Chemistry, 46, 

896–903. 

Vittadini, E., Lee, J. H., Frega, N. G., Min, D. B., Vodovotz, Y. (2003). DSC 

determination of thermally oxidized olive oils. Journal of the American Oil 

Chemists´ Society, 80(6), 533-537. 

Vojdani, F. (1996). Solubility. In G. M. Hall (Ed.), Methods of testing protein 

functionality. London: Blackie Academic and Professional.11-60 p. 



 

116 

 

Waldroup, A. L., Hierholzer, R. H., Forsythe, Miller, M. J. (1993). Recycling of 

poultry chill water using ozone. Journal of Applied Poultry Science Research, 2, 

330–336. 

Warner, K., Mounts, T. L. (1993). Frying stability of soybean and canola oils with 

modified fatty acid composition. Journal of the American Oil Chemists´ Society, 

70, 983–989. 

Wefers, H., Sies, H. (1988). The protection by ascorbate and glutathione against 

microsomal lipid peroxidation is dependent on vitamin E. European Journal of 

Biochemistry, 174, 353-357. 

Wickramanayaka, G. B. (1991). Disinfection and sterilization by ozone. Seymour 

S. B (Ed.), Disinfection, sterilization and preservation (4
th

 edition) Malvern, PA: 

Lea and Febiyer, 182–190 p. 

Wit, J. N. (1989). Functional Properties of Whey Proteins. In: Developments in 

Dairy Chemistry-4, Elsevier Applied Science, London. 8, 285-321p. 

Wu, M., Church, D. F., Mahier, T. J., Barker, S. A., Pryor, W. A. (1992). 

Separation and spectral data of the six isomeric ozonides from methyl oleate. 

Lipids, 27, 129–135. 

Xu, Y. X., Hanna, M. A., Josiah, S. J. (2007). Hybrid hazelnut oil characteristics 

and its potential oleochemical application. Industrial Crops and Products, 26, 69-

76. 

Yang, P. P. W., Chen, T. C. (1979). Stability of ozone and its germicidal properties 

on poultry meat microorganisms in liquid phase. Journal of Food Science, 44, 501–
504. 

Zahardis, J., La Franchi, B. W., Petrucci, G. A. (2006). Direct observations of 

polymerization in the oleic acid-ozone heterogeneous reaction system by 

photoelectron resonance capture ionization aerosol mass spectrometry. Atmospheric 

Environment, 40, 1661–1670.  

Zanardi, I., Travagli, V., Gabbrielli, A., Chiasserini, L., Bocci, V. (2008). Physico-

chemical characterisation of sesame oil derivatives. Lipids, 43, 877–886.   

Zhao, J., Cranston, P. M. (1995). Microbial decontamination of black pepper by 

ozone and the effect of the treatment on volatile oil constituents of the spice. 

Journal of Science Food and Agriculture, 68, 11–18. 

 

 

 

 

 

 

 



 

117 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDICES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 



 

118 

 

 

PV  

Table A.1 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

effect of different ozone treatment time on PV of hazelnut oil for first day. 

  

Sum of 

Squares df 

Mean 

Square F Sig. 

Between 

Groups 

86097,16

0 
4 21524,290 

217431,

712 
,000 

Within Groups ,990 10 ,099     

Total 86098,15

0 
14       

 

Duncan  

Time 

N Subset for alpha = .05 

1 2 3 4 5 1 

,00 3 12,1500         

1,00 3   15,7767       

5,00 3     33,6000     

60,00 
3       

120,533

3 
  

180,00 
3         

207,270

0 

Sig.   1,000 1,000 1,000 1,000 1,000 

Means for groups in homogeneous subsets are displayed. 

a Uses Harmonic Mean Sample Size = 3,000. 

 

PV  

Table A.2 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

effect of different ozone treatment time on PV of hazelnut oil for tenth day. 

  

Sum of 

Squares df 

Mean 

Square F Sig. 

Between 

Groups 

90348,98

4 
4 22587,246 

205625,

230 
,000 

Within Groups 1,098 10 ,110     

Total 90350,08

3 
14       

 

Duncan  

time 

N Subset for alpha = .05 

1 2 3 4 5 1 

,00 3 15,1333         

1,00 3   26,4700       

5,00 3     44,5567     

60,00 
3       

133,486

7 
  

180,00 
3         

218,633

3 

Sig.   1,000 1,000 1,000 1,000 1,000 

Means for groups in homogeneous subsets are displayed. 
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a Uses Harmonic Mean Sample Size = 3,000. 

 

Table A.3 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

effect of different ozone treatment time on PV of hazelnut oil for thirty days. 

 

PV  

  

Sum of 

Squares df 

Mean 

Square F Sig. 

Between 

Groups 

102266,8

64 
4 25566,716 

181564,

596 
,000 

Within Groups 1,408 10 ,141     

Total 102268,2

72 
14       

 

Duncan  

Time 

N Subset for alpha = .05 

1 2 3 4 5 1 

,00 3 17,3667         

1,00 3   30,6567       

5,00 3     56,5367     

60,00 
3       

143,636

7 
  

180,00 
3         

236,763

3 

Sig.   1,000 1,000 1,000 1,000 1,000 

Means for groups in homogeneous subsets are displayed. 

a Uses Harmonic Mean Sample Size = 3,000. 

 

Table A.4 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

effect of different ozone treatment time on PV of hazelnut oil for hundredth days. 

 

PV 

  

Sum of 

Squares df 

Mean 

Square F Sig. 

Between 

Groups 

138885,5

13 
4 34721,378 

85446,2

74 
,000 

Within Groups 4,064 10 ,406     

Total 138889,5

76 
14       
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Duncan  

Time 

N Subset for alpha = .05 

1 2 3 4 5 1 

,00 3 30,3800         

1,00 3   60,7200       

5,00 3     74,5500     

60,00 
3       

177,486

7 
  

180,00 
3         

292,126

7 

Sig.   1,000 1,000 1,000 1,000 1,000 

Means for groups in homogeneous subsets are displayed. 

a Uses Harmonic Mean Sample Size = 3,000. 

 

Table A.5 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

effect of different ozone treatment time on PV of hazelnut oil for 150 days. 

 

PV  

  

Sum of 

Squares df 

Mean 

Square F Sig. 

Between 

Groups 

145161,1

22 
4 36290,281 

267259,

529 
,000 

Within Groups 1,358 10 ,136     

Total 145162,4

80 
14       

  

Duncan  

Time 

N Subset for alpha = .05 

1 2 3 4 5 1 

,00 3 38,1967         

1,00 3   78,3833       

5,00 
3     

110,523

3 
    

60,00 
3       

193,313

3 
  

180,00 
3         

315,420

0 

Sig.   1,000 1,000 1,000 1,000 1,000 

Means for groups in homogeneous subsets are displayed. 

a Uses Harmonic Mean Sample Size = 3,000. 
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Table A.6 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

effect of 1 min ozone treatment on PV of hazelnut oil. 

 

PV  

ANOVA for 1min ozone treatment 

 

  

Sum of 

Squares df 

Mean 

Square F Sig. 

Between 

Groups 

14614,85

0 
12 1217,904 

3958188

,625 
,000 

Within Groups ,008 26 ,000     

Total 14614,85

8 
38       

 

 

Duncan  

 

Means for groups in homogeneous subsets are displayed. 

a Uses Harmonic Mean Sample Size = 3,000. 

 

Table A.7 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

effect of 5 min ozone treatment on PV of hazelnut oil. 

 

PV  

  

Sum of 

Squares df 

Mean 

Square F Sig. 

Between 

Groups 
7001,539 11 636,504 

1878207

,299 
,000 

Within Groups ,008 24 ,000     

Total 7001,548 35       

 

  

 

days N Subset for alpha = .05 

  1 2 3 4 5 6 7 8 9 10 11 12 13 1 

0 3 15,92                         

3 3   18,35                       

7 3     23,19                     

10 3       26,18                   

20 3         28,55                 

30 3           30,95               

40 3             32,53             

55 3               35,77           

70 3                 49,09         

85 3                   54,96       

100 3                     60,94     

125 3                       69,02   

145 3                         78,43 

Sig.   1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 
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Duncan  

days N Subset for alpha = .05 

  1 2 3 4 5 6 7 8 9 10 11 12 1 

0 3 33,72                       

3 3   41,53                     

7 3     44,43                   

10 3       44,58                 

20 3         47,67               

30 3           56,62             

40 3             65,96           

55 3               66,67         

70 3                 68,58       

85 3                   69,53     

100 3                     74,16   

125 3                       76,92 

Sig.   1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 

Means for groups in homogeneous subsets are displayed. 

a Uses Harmonic Mean Sample Size = 3,000. 

 

 

Table A.8 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

effect of 60 min ozone treatment on PV of hazelnut oil. 

 

PV  

  

Sum of 

Squares df 

Mean 

Square F Sig. 

Between 

Groups 
8999,468 10 899,947 

2516800

,425 
,000 

Within Groups ,008 22 ,000     

Total 8999,476 32       

 

Duncan  

days N Subset for alpha = .05 

  1 2 3 4 5 6 7 8 9 10 11 1 

0 3 120,63                     

3 3   125,87                   

7 3     130,45                 

10 3       133,62               

20 3         137,87             

30 3           143,60           

40 3             152,55         

55 3               153,67       

70 3                 153,82     

85 3                   163,85   

1000 3                     177,87 

Sig.   1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 

Means for groups in homogeneous subsets are displayed. 

a Uses Harmonic Mean Sample Size = 3,000. 
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Table A.9 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

effect of 180 min ozone treatment on PV of hazelnut oil. 

 

PV  

  

Sum of 

Squares df 

Mean 

Square F Sig. 

Between 

Groups 
4489,390 7 641,341 

78893,8

68 
,000 

Within Groups ,130 16 ,008     

Total 4489,520 23       

 

Duncan  

days N Subset for alpha = .05 

  1 2 3 4 5 6 7 8 1 

0 3 207,5               

3 3   211,32             

7 3     213,65           

10 3       218,90         

20 3         221,33       

30 3           236,75     

40 3             237,53   

55 3               248,05 

Sig.   1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 

Means for groups in homogeneous subsets are displayed. 

a Uses Harmonic Mean Sample Size = 3,000. 

 

 

Table A.10 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

effect of storage time on PV of untreated hazelnut oil. 

 

PV 

  

Sum of 

Squares df 

Mean 

Square F Sig. 

Between 

Groups 
2359,666 11 214,515 

617803,

505 
,000 

Within Groups ,008 24 ,000     

Total 2359,675 35       

 

 

Duncan 
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Means for groups in homogeneous subsets are displayed. 

a Uses Harmonic Mean Sample Size = 3,000. 

 

Table A.11 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

effect of storage time on FFA of untreated hazelnut oil. 

 

FFA  

  

Sum of 

Squares df 

Mean 

Square F Sig. 

Between 

Groups 
,001 12 ,000 188,648 ,000 

Within Groups ,000 26 ,000     

Total ,001 38       

 

Duncan  

days 

N Subset for alpha = .05 

1 2 3 4 5 6 7 1 

0 3 ,102267             

3 3   ,106100           

7 3   ,106167           

20 3     ,108133         

10 3     ,109200         

30 3     ,109267         

55 3       ,111000       

70 3       ,111000       

40 3       ,111667 ,111667     

85 3       ,112000 ,112000     

100 3         ,112600     

125 3           ,116267   

145 3             ,126000 

Sig.   1,000 ,911 ,080 ,133 ,147 1,000 1,000 

Means for groups in homogeneous subsets are displayed. 

a Uses Harmonic Mean Sample Size = 3,000. 

 

days N Subset for alpha = .05 

  1 2 3 4 5 6 7 8 9 10 11 12 1 

0 3 12,17                       

3 3   13,24                     

10 3     14,25                   

20 3       16,52                 

30 3         17,23               

40 3           20,13             

55 3             25,03           

70 3               26,24         

85 3                 28,69       

100 3                   30,17     

125 3                     32,23   

145 3                       38,19 

Sig.   1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 
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Table A.12 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

effect of 1 min ozone treatment on FFA of hazelnut oil. 

 

FFA  

  

Sum of 

Squares df 

Mean 

Square F Sig. 

Between 

Groups 
,004 12 ,000 

5201,01

0 
,000 

Within Groups ,000 26 ,000     

Total ,004 38       

 

Duncan  

days N Subset for alpha = .05 

  1 2 3 4 5 6 7 8 9 10 11 1 

0 3 ,1091                     

3 3   ,1133                   

7 3     ,1162                 

10 3       ,1181               

20 3       ,1181               

30 3         ,1223             

40 3           ,1241           

55 3             ,1262         

70 3             ,1262         

85 3               ,1292       

100 3                 ,1331     

125 3                   ,1375   

145 3                     ,1481 

Sig.   1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 

Means for groups in homogeneous subsets are displayed. 

a Uses Harmonic Mean Sample Size = 3,000. 

 

Table A.13 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

effect of 5 min ozone treatment on FFA of hazelnut oil. 

 

FFA  

  

Sum of 

Squares df 

Mean 

Square F Sig. 

Between 

Groups 
,008 12 ,001 250,093 ,000 

Within Groups ,000 26 ,000     

Total ,008 38       
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Duncan  

Days N Subset for alpha = .05 

  1 2 3 4 5 6 7 1 

,00 3 ,113333             

3,00 3 ,115033 ,115033           

7,00 3   ,117000           

10,00 3   ,117000           

20,00 3     ,122333         

30,00 3     ,124233 ,124233       

40,00 3       ,126200       

55,00 3       ,126200       

70,00 3         ,130200     

85,00 3         ,132300     

100,00 3           ,149233   

125,00 3             ,154233 

150,00 3             ,156300 

Sig.   ,209 ,170 ,162 ,170 ,124 1,000 ,129 

Means for groups in homogeneous subsets are displayed. 

a Uses Harmonic Mean Sample Size = 3,000. 

 

Table A.14 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

effect of 60 min ozone treatment on FFA of hazelnut oil. 

 

FFA  

  

Sum of 

Squares df 

Mean 

Square F Sig. 

Between 

Groups 
,032 12 ,003 

21255,8

85 
,000 

Within Groups ,000 26 ,000     

Total ,032 38       

 

Duncan 

Days N Subset for alpha = .05 

  1 2 3 4 5 6 7 8 9 10 11 12 1 

0 
3 

,122

1 
                      

3 3   ,1262                     

7 3   ,1262                     

10 3     ,1271                   

20 3       ,1301                 

30 3         ,1313               

40 3           ,1351             

55 3             ,1421           

70 3               ,1531         

85 3                 ,1641       

100 3                   ,1880     

125 3                     ,1971   

150 
3                       

,20

71 

Sig. 
  

1,00

0 
1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 

1,0

00 

Means for groups in homogeneous subsets are displayed. 
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a Uses Harmonic Mean Sample Size = 3,000. 

 

Table A.15 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

effect of 180 min ozone treatment on FFA of hazelnut oil. 

FFA 

  

Sum of 

Squares df 

Mean 

Square F Sig. 

Between 

Groups 
,167 12 ,014 

1390380

,769 
,000 

Within Groups ,000 26 ,000     

Total ,167 38       

 

Duncan  

Days N Subset for alpha = .05 

  1 2 3 4 5 6 7 8 9 10 11 1 

0 3 ,14110                     

3 3 ,14110                     

7 3 ,14110                     

10 3   ,14510                   

20 3     ,14810                 

30 3       ,15010               

40 3         ,15410             

55 3           ,20310           

70 3             ,23410         

85 3               ,25510       

100 3                 ,27110     

125 3                   ,29610   

150 3                     ,32810 

Sig.   1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 

Means for groups in homogeneous subsets are displayed. 

a Uses Harmonic Mean Sample Size = 3,000. 

 

Table A.16 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

effect of different ozone treatment time on FFA of hazelnut oil for first days. 

 

FFA  

  

Sum of 

Squares df 

Mean 

Square F Sig. 

Between 

Groups 
,003 4 ,001 

12309,6

80 
,000 

Within Groups ,000 10 ,000     

Total ,003 14       
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Duncan  

time 

N Subset for alpha = .05 

1 2 3 4 5 1 

,0000 3 ,102200         

1,0000 3   ,109200       

5,0000 3     ,110233     

60,0000 3       ,122300   

180,000

0 
3         ,141233 

Sig.   1,000 1,000 1,000 1,000 1,000 

Means for groups in homogeneous subsets are displayed. 

a Uses Harmonic Mean Sample Size = 3,000. 

 

Table A.17 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

effect of different ozone treatment time on FFA of hazelnut oil for tenth days. 

 

FFA  

  

Sum of 

Squares df 

Mean 

Square F Sig. 

Between 

Groups 
,002 4 ,001 182,464 ,000 

Within Groups ,000 10 ,000     

Total ,002 14       

 

Duncan  

time 

N Subset for alpha = .05 

1 2 3 4 1 

,000 3 ,10600       

1,000 3   ,11700     

5,000 3   ,11700     

60,000 3     ,12600   

180,00

0 
3       ,14100 

Sig.   1,000 1,000 1,000 1,000 

 

Means for groups in homogeneous subsets are displayed. 

a Uses Harmonic Mean Sample Size = 3,000. 

 

 

Table A.18 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

effect of different ozone treatment time on FFA of hazelnut oil for thirty days. 

 

FFA  

  

Sum of 

Squares df 

Mean 

Square F Sig. 

Between 

Groups 
,002 4 ,001 216,214 ,000 

Within Groups ,000 10 ,000     

Total ,002 14       
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Duncan  

time 

N Subset for alpha = .05 

1 2 3 4 1 

,000 3 ,10900       

1,000 3   ,12200     

5,000 3   ,12400     

60,000 3     ,13000   

180,00

0 
3       ,14800 

Sig.   1,000 ,174 1,000 1,000 

Means for groups in homogeneous subsets are displayed. 

a Uses Harmonic Mean Sample Size = 3,000. 

 

Table A.19 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

effect of different ozone treatment time on FFA of hazelnut oil for hundredth days. 

 

FFA  

  

Sum of 

Squares df 

Mean 

Square F Sig. 

Between 

Groups 
,047 4 ,012 

922091,

263 
,000 

Within Groups ,000 10 ,000     

Total ,047 14       

 

Duncan  

Time 

N Subset for alpha = .05 

1 2 3 4 5 1 

,0000 3 ,113167         

1,0000 3   ,133100       

5,0000 3     ,149100     

60,0000 3       ,188100   

180,000

0 
3         ,271100 

Sig.   1,000 1,000 1,000 1,000 1,000 

 

Means for groups in homogeneous subsets are displayed. 

a Uses Harmonic Mean Sample Size = 3,000. 

 

Table A.20 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

effect of different ozone treatment time on FFA of hazelnut oil for 150 days. 

 

FFA  

  

Sum of 

Squares df 

Mean 

Square F Sig. 

Between 

Groups 
,079 4 ,020 

1096539

,074 
,000 

Within Groups ,000 10 ,000     

Total ,079 14       

 



 

130 

 

Duncan  

Time 

N Subset for alpha = .05 

1 2 3 4 5 1 

,0000 3 ,126100         

1,0000 3   ,148167       

5,0000 3     ,156100     

60,0000 3       ,207133   

180,000

0 
3         ,328167 

Sig.   1,000 1,000 1,000 1,000 1,000 

Means for groups in homogeneous subsets are displayed. 

a Uses Harmonic Mean Sample Size = 3,000. 

 

Table A.21 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

reaction rate constant of untreated hazelnut oil at different temperatures. 

 

Rate for HO   

 

Sum of 

Squares df Mean Square F Sig. 

Between Groups 407,056 3 135,685 626239,321 ,000 

Within Groups ,002 8 ,000   

Total 407,057 11    

 

Duncan
a
 

Temperature N 

Subset for alpha = 0.05 

1 2 3 4 

373,00 3 1,8100    

383,00 3  3,7100   

393,00 3   7,8167  

403,00 3    16,9267 

Sig.  1,000 1,000 1,000 1,000 

Means for groups in homogeneous subsets are displayed. 

a. Uses Harmonic Mean Sample Size = 3,000. 

 

Table A.22 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

reaction rate constant of OHO1 at different temperatures. 

 

Rate for OHO1 

 

Sum of 

Squares df Mean Square F Sig. 

Between Groups 389,856 3 129,952 222775,100 ,000 

Within Groups ,005 8 ,001   

Total 389,861 11    
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Temperature N 

Subset for alpha = 0.05 

1 2 3 4 

373,00 3 2,0500    

383,00 3  4,1233   

393,00 3   8,2500  

403,00 3    16,9200 

Sig.  1,000 1,000 1,000 1,000 

Means for groups in homogeneous subsets are displayed. 

a. Uses Harmonic Mean Sample Size = 3,000. 

 

 

Table A.23 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

reaction rate constant of OHO5 at different temperatures. 

 

Rate for OHO5  

 

Sum of 

Squares df Mean Square F Sig. 

Between Groups 4299,400 3 1433,133 2605697,106 ,000 

Within Groups ,004 8 ,001   

Total 4299,405 11    

 

 

 

 

 

 

 

 

 

 

 

 

Table A.24 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

reaction rate constant of OHO60 at different temperatures. 

 

Rate for OHO60   

 

Sum of 

Squares df Mean Square F Sig. 

Between Groups 14529,401 3 4843,134 5588231,295 ,000 

Within Groups ,007 8 ,001   

Total 14529,408 11    

 

 

 

 

 

 

Duncan
a
   

Duncan
a
   

Temperature N 

Subset for alpha = 0.05 

1 2 3 4 

373,00 3 7,0267    

383,00 3  14,1167   

393,00 3   28,2267  

403,00 3    56,4600 

Sig.  1,000 1,000 1,000 1,000 

Means for groups in homogeneous subsets are displayed. 
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Temperature N 

Subset for alpha = 0.05 

1 2 3 4 

373,00 3 12,8267    

383,00 3  25,6500   

393,00 3   51,6400  

403,00 3    103,6233 

Sig.  1,000 1,000 1,000 1,000 

Means for groups in homogeneous subsets are displayed. 

a. Uses Harmonic Mean Sample Size = 3,000. 

 

 

Table A.25 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

reaction rate constant of OHO180 at different temperatures. 

 

Rate for OHO180   

 

Sum of 

Squares df Mean Square F Sig. 

Between Groups 25169,827 3 8389,942 8532144,610 ,000 

Within Groups ,008 8 ,001   

Total 25169,834 11    

 

Duncan
a
   

Temperature N 

Subset for alpha = 0.05 

1 2 3 4 

373,00 3 17,5500    

383,00 3  35,1400   

393,00 3   68,7567  

403,00 3    137,3400 

Sig.  1,000 1,000 1,000 1,000 

Means for groups in homogeneous subsets are displayed. 

a. Uses Harmonic Mean Sample Size = 3,000. 

 

 

Table A.26 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

variations in the activation energy (Ea) of OHO1 with storage time. 

 

Ea   

 

Sum of 

Squares df Mean Square F Sig. 

Between Groups ,059 5 ,012 ,286 ,912 

Within Groups ,498 12 ,041   

Total ,557 17    
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Duncan
a
   

Time N 

Subset for 

alpha = 0.05 

1 

30,00 3 86,6633 

3,00 3 86,7100 

60,00 3 86,7133 

14,00 3 86,7367 

90,00 3 86,7533 

,00 3 86,8500 

Sig.  ,328 

 

Means for groups in homogeneous subsets are displayed. 

a. Uses Harmonic Mean Sample Size = 3,000. 

 

Table A.27 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

variations in the activation enthalpy (ΔH) of OHO1 with storage time. 
 

Enthalpy   

 

Sum of 

Squares df Mean Square F Sig. 

Between Groups ,101 5 ,020 ,265 ,924 

Within Groups ,914 12 ,076   

Total 1,015 17    

 

 

 

 

 

 

Means for groups in homogeneous subsets are displayed. 

a. Uses Harmonic Mean Sample Size = 3,000. 

 

Table A.28 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

variations in the activation entropy (ΔS) of OHO1 with storage time. 

 

Duncan
a
   

Time N 

Subset for 

alpha = 0.05 

1 

14,00 3 83,3000 

90,00 3 83,3300 

3,00 3 83,4533 

60,00 3 83,4567 

30,00 3 83,4733 

,00 3 83,4967 

Sig.  ,442 

 

Entropy   

 

Sum of 

Squares df Mean Square F Sig. 

Between Groups ,156 5 ,031 ,164 ,971 

Within Groups 2,283 12 ,190   

Total 2,439 17    
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Means for groups in homogeneous subsets are displayed. 

a. Uses Harmonic Mean Sample Size = 3,000. 

 

Table A.29 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

variations in the activation energy (Ea) with ozone treatment time. 

 

 

Table A.30 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

variations in the activation enthalpy (ΔH) with ozone treatment time. 

Duncan
a
   

Time N 

Subset for 

alpha = 0.05 

1 

60,00 3 73,4333 

30,00 3 73,4967 

90,00 3 73,5133 

14,00 3 73,5300 

,00 3 73,6467 

3,00 3 73,7067 

Sig.  ,498 

 

Ea   

 

Sum of 

Squares df Mean Square F Sig. 

Between Groups 90,520 4 22,630 2259,997 ,000 

Within Groups ,100 10 ,010   

Total 90,621 14    

 

Duncan
a
   

ozonationtime N 

Subset for alpha = 0.05 

1 2 3 4 5 

180,00 3 84,5400     

60,00 3  85,0300    

5,00 3   86,8133   

1,00 3    87,7467  

,00 3     91,4400 

Sig.  1,000 1,000 1,000 1,000 1,000 

Means for groups in homogeneous subsets are displayed. 

a. Uses Harmonic Mean Sample Size = 3,000. 

 

Enthalpy   

 

Sum of 

Squares df Mean Square F Sig. 

Between Groups 110,369 4 27,592 275922,600 ,000 

Within Groups ,001 10 ,000   

Total 110,370 14    
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Duncan
a
   

ozonationtime N 

Subset for alpha = 0.05 

1 2 3 4 5 

180,00 3 80,3300     

60,00 3  81,8700    

5,00 3   83,4100   

1,00 3    84,5100  

,00 3     88,3200 

Sig.  1,000 1,000 1,000 1,000 1,000 

Means for groups in homogeneous subsets are displayed. 

a. Uses Harmonic Mean Sample Size = 3,000. 

 

Table A.31 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

variations in the activation entropy (ΔS) with ozone treatment time 

 

Entropy   

 

Sum of 

Squares df Mean Square F Sig. 

Between Groups 466,711 4 116,678 380471,011 ,000 

Within Groups ,003 10 ,000   

Total 466,714 14    

 

 

Duncan
a
   

ozonationtime N 

Subset for alpha = 0.05 

1 2 3 4 5 

180,00 3 62,3333     

60,00 3  63,7167    

5,00 3   64,1500   

1,00 3    74,4133  

,00 3     75,0133 

Sig.  1,000 1,000 1,000 1,000 1,000 

Means for groups in homogeneous subsets are displayed. 

a. Uses Harmonic Mean Sample Size = 3,000. 

 

 

Table A.32 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

variations in the colour parameters (a*) with ozone treatment time. 

 

a
*
  

 

Sum of 

Squares df Mean Square F Sig. 

Between Groups ,498 6 ,083 ,483 ,810 

Within Groups 2,406 14 ,172   

Total 2,904 20    
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Duncan
a
   

ozonation N 

Subset for 

alpha = 0.05 

1 

5,0000 3 -3,360000 

30,0000 3 -3,280000 

1,0000 3 -3,270000 

,0000 3 -3,253333 

360,0000 3 -3,126667 

180,0000 3 -2,966667 

60,0000 3 -2,930000 

Sig.  ,275 

Means for groups in homogeneous subsets are displayed. 

a. Uses Harmonic Mean Sample Size = 3,000. 

 

Table A.33 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

variations in the colour parameters (b*, L*) with ozone treatment time. 

 

b* 

 

Sum of 

Squares df Mean Square F Sig. 

Between Groups 5953,959 6 992,326 42975,574 ,000 

Within Groups ,323 14 ,023   

Total 5954,282 20    

 

Duncan 

ozonation N 

Subset for alpha = 0.05 

1 2 3 4 5 6 7 

360,0000 

3 
6,5500

0 
      

180,0000 

3  7,35667      

60,0000 

3   9,05333     

30,0000 

3    13,12000    

5,0000 

3     15,22000   

1,0000 

3      28,54667  

,0000 

3       57,17667 

Sig.  1,000 1,000 1,000 1,000 1,000 1,000 1,000 

Means for groups in homogeneous subsets are displayed. 
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a. Uses Harmonic Mean Sample Size = 3,000. 

 

Table A.34 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

variations in the colour parameter (L*) with ozone treatment time. 

 

L*   

 

Sum of 

Squares df Mean Square F Sig. 

Between Groups 17,641 6 2,940 ,891 ,527 

Within Groups 46,203 14 3,300   

Total 63,843 20    

 

 

Duncan
a
   

ozonation N 

Subset for 

alpha = 0.05 

1 

180,0000 3 59,396667 

30,0000 3 59,720000 

360,0000 3 61,046667 

1,0000 3 61,046667 

5,0000 3 61,183333 

60,0000 3 61,213333 

,0000 3 62,323333 

Sig.  ,100 

Means for groups in homogeneous subsets are displayed. 

a. Uses Harmonic Mean Sample Size = 3,000. 

 

Table A.35 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

variations in the colour parameter (Y1) with ozone treatment time. 

 

Y1 

 

Sum of 

Squares df Mean Square F Sig. 

Between Groups 14705,998 6 2451,000 9561,945 ,000 

Within Groups 3,589 14 ,256   

Total 14709,587 20    
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ozonation N 

Subset for alpha = 0.05 

1 2 3 4 5 6 7 

360,0000 
3 13,30333       

180,0000 
3  16,35000      

60,0000 
3   20,31000     

30,0000 
3    29,11666    

5,0000 
3     32,83666   

1,0000 
3      56,83000  

,0000 
3       93,25000 

Sig.  1,000 1,000 1,000 1,000 1,000 1,000 1,000 

Means for groups in homogeneous subsets are displayed. 

a. Uses Harmonic Mean Sample Size = 3,000. 

 

Table A.36 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

variations in the iodine value (IV) with ozone treatment time. 

 

IV   

 

Sum of 

Squares df Mean Square F Sig. 

Between Groups 18233,068 6 3038,845 61544,738 ,000 

Within Groups ,691 14 ,049   

Total 18233,760 20    

 

 

Duncan
a
   

Ozonation time N 

Subset for alpha = 0.05 

1 2 3 4 5 6 7 

360,0000 3 13,576667       

180,0000 3  18,253333      

60,0000 3   22,366667     

30,0000 3    32,233333    

5,0000 3     65,293333   

1,0000 3      72,203333  

,0000 
3       

95,5033

33 

Sig.  1,000 1,000 1,000 1,000 1,000 1,000 1,000 

Means for groups in homogeneous subsets are displayed. 

a. Uses Harmonic Mean Sample Size = 3,000. 
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Table A.37 ANOVA and Multiple Comparison Test (Duncan Test) table for the 

variations in the iodine value (IV) with storage time. 

 

IV   

 

Sum of 

Squares df Mean Square F Sig. 

Between Groups 1,023 10 ,102 ,048 1,000 

Within Groups 46,553 22 2,116   

Total 47,576 32    

 

 

Duncan
a
   

Storage 

time  N 

Subset for 

alpha = 0.05 

1 

90,0000 3 93,110000 

10,0000 3 93,536667 

,0000 3 93,566667 

40,0000 3 93,580000 

120,0000 3 93,603333 

30,0000 3 93,663333 

5,0000 3 93,706667 

15,0000 3 93,706667 

60,0000 3 93,733333 

50,0000 3 93,736667 

75,0000 3 93,783333 

Sig.  ,626 

Means for groups in homogeneous subsets are displayed. 

a. Uses Harmonic Mean Sample Size = 3,000. 
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