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ABSTRACT 

MICROWAVE-ASSISTED BLEACHING OF VEGETABLE OILS 

SEÇİLMİŞ, Şakir Selçuk 
Ph.D. in Food Engineering 

Supervisor: Prof. Dr. Sibel FADILOĞLU 
November 2021 

91 pages 

In this thesis, sunflower oil and olive pomace oil were bleached by using microwave 

technique which is a novel bleaching method.  In the first part of the thesis, the effect 

of bleaching parameters on the bleaching quality was investigated. Response surface 

methodology was employed to optimize the effect of microwave power, bleaching 

time and amount of clay for both oils. Optimum conditions obtained for microwave-

assisted bleaching were 80-102 W, 8-20.07 min and 0.4-4.15% of clay for sunflower 

oil and pomace oil, respectively. Physical and chemical properties of both oil type 

investigated were sterol composition, acid value, oxidation parameters (PV, AV, 

Totox, K232 and K270), color parameters (chroma and hue angle values), chlorophyll, 

carotenoid- tocopherol content and harmful components such as PAHs. In the second 

part of the thesis, the quality of microwave assisted bleached oils was compared with 

industrially bleached oils obtained from same batch. In the third part of the thesis, the 

repetitive use of bleaching clay was examined at the end of the microwave assisted 

bleaching of sunflower oil, which is important because it reduces the production cost 

of oil and environmental pollution. According to the findings, microwave bleaching 

was found advantageous with a 50%-17% and 73%-83% reduction in the amount of 

clay usage and bleaching time for sunflower oil and olive pomace oil, respectively. 

The results of this thesis indicated that, promising bleaching quality was obtained by 

microwave assisted method when compared to the industrial method. So, it has been 

concluded that microwave bleaching could be an alternative and advantageous 

method for the bleaching of vegetable oils. 
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ÖZET 

BİTKİSEL YAĞLARIN MİKRODALGA DESTEKLİ AĞARTILMASI 

SEÇİLMİŞ, Şakir Selçuk 
Doktora Tezi, Gıda Mühendisliği 

Danışman: Prof. Dr. Sibel FADILOĞLU 
Kasım 2021 

91 sayfa 

Bu tez çalışmasında, yeni bir ağartma yöntemi olan mikrodalga tekniği kullanılarak 

ayçiçek yağı ve pirina yağı ağartılmıştır. Tezin ilk bölümünde, ağartma 

parametrelerinin ağartma kalitesine etkisi araştırılmıştır. Her iki yağ türü için 

mikrodalga gücü, ağartma süresi ve toprak miktarının etkisini optimize etmek için 

tepki yüzey metodu kullanılmıştır. Mikrodalga destekli ağartma için elde edilen 

optimum koşullar ayçiçek yağı ve pirina yağı için sırasıyla 80-102 W, 8-20,07 dakika 

ve %0,4-4,15 topraktır. İncelenen her iki yağ türünün fiziksel ve kimyasal özellikleri; 

sterol bileşimi, asit değeri, oksidasyon parametreleri (PV, AV, Totox, K232 ve K270) 

renk parametreleri (renk doygunluğu ve renk açısı değerleri), klorofil, karotenoid ve 

tokoferol içeriği ve PAHs gibi zararlı bileşen miktarı belirlenmiştir. Tezin ikinci 

bölümünde, mikrodalga destekli ağartılmış yağların kalitesi, aynı partiden elde edilen 

endüstriyel ağartılmış yağlarla karşılaştırılmıştır. Tezin üçüncü bölümünde ise 

ayçiçek yağının mikrodalga destekli ağartılması sonunda, üretim maliyetini ve çevre 

kirliliğini azalttığı için önem arz eden tekrarlı ağartma toprağı kullanımı 

incelenmiştir. Bulgulara göre; ayçiçek yağı ve zeytin pirinası yağı için sırasıyla, 

toprak kullanım miktarı ve ağartma süresindeki %50-%17 ve %73-83 düşüşle, 

mikrodalga ağartma avantajlı bulunmuştur. Bu tezin sonuçları; mikrodalga destekli 

yöntemle, endüstriyel yöntem karşılaştırıldığında, umut verici bir ağartma kalitesi 

elde edildiğini göstermiştir. Bu nedenle, mikrodalga ağartmanın bitkisel yağların 

ağartılmasında alternatif ve avantajlı bir yöntem olabileceği sonucuna varılmıştır. 

 
 
Anahtar Kelimeler: Mikrodalga, Ağartma, Ayçiçek Yağı, Pirina Yağı 
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CHAPTER I 
 

INTRODUCTION 
 

 
Fats and oils are important and valuable materials for the processing of many food 

and non-food products and also for human nutrition. The terms as fat and oil relate to 

their melting point, degree of saturation and number of carbons in the fatty acids. 

Fats are also obtained from animals but oils usually obtained from plants. Vegetable 

oils, subjected in this study, rich in bioactive components such as sterols, carotenes, 

tocols, phenolic substances etc, have an important place for healthy life. These 

bioactive components vary according to the region where it grows and its climate. 

Oil not only provides energy to the body, but also plays a role in maintaining body 

temperature and tissues, carrying soluble vitamins and performing many other 

important functions.  

 
Crude vegetable oils also contain some impurities such as phosphatides, color 

pigments, oxidation products and trace elements that should be removed from the oil 

as they cause problems in their chemical structure. Vegetable oil consumption is 158 

million tons / year in the all around the world; it is observed that this figure is 

gradually increasing [1, 2]. Therefore, obtaining better oil quality and meeting 

consumer expectations depend on the good refinery conditions. In this case, the main 

goal of oil refining is to minimize the loss of oil and valuable components, while 

removing unwanted impurities as much as possible without occurring harmful 

components. For this reason, researching of new methods to prevent the nutritional 

losses of vegetable oils continues, and studies on the prevention of formation harmful 

components are also recommended [3, 4].  

 
Many food processing depends on the heating which is very crucial for better food 

quality. It is directly effective on the obtaining the good or bad quality of food 

product. It serves different kind of aims such as microbial and enzyme inactivation, 

physical and chemical changes of foods and etc., during processes. In general, 
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conventional heating sources such as steam and hot air are frequently used for 

numerous food processes. On the other hand, in recent years, electric heating 

technologies such as microwave, radio frequency, ohmic and infrared have been used 

for many food processes. Therefore, the use of microwave is very popular in various 

industrial applications.  

 
Microwave is used especially in food industry to reduce process time and increase 

food quality. The unit processes such as baking, blanching, thawing, sterilization and 

drying can be carried out by using microwave treatment [5]. Therefore, researches on 

microwaves and its experiments on different products have usually concentrated on 

these issues. Nutritional quality and some sensorial properties of foods are protected 

very well in the microwave treatment compared with conventional heating [6]. Some 

microwave applications related with vegetable oils in the literature include deep 

frying of foods, oil extraction and activation of bleaching clays supporting to the 

mineral acids [7-10]. However, microwave treatment has not been found in the 

vegetable oil refining process such as bleaching in the literature.  

 
There are vast numbers of studies to improve the bleaching process of oils. In all 

these studies, the type and amount of bleaching agent, mixing time, temperature and 

pressure are the parameters examined [11-15] by keeping the conventional method as 

the same. Only in few studies, new technologies such as ultrasound and high voltage 

electric field were used as alternative techniques to the conventional process [16-18]. 

In the existing conventional bleaching methods, the desired oil color quality is 

achieved by increasing the amount of clay that leads to increased oil losses and 

environmental problems. Therefore, the development of new bleaching methods to 

overcome these problems is necessary for the vegetable oil industry.  

 
The aim of this thesis was to perform bleaching of sunflower and pomace oils by 

using microwave treatment. In detail, neutralized sunflower oil (NSO) and pomace 

oil (NPO) were bleached by using microwave and the bleaching parameters such as 

microwave power, bleaching time and amount of bleaching clay were optimized by 

response surface methodology (RSM). First of all, optimized conditions for 

microwave-assisted bleaching of sunflower oil (MWBSO) and pomace oil 

(MWBPO) were compared with the conventional bleaching conditions by 

considering the bleaching time and amount of clay. After that bleached oils quality; 
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such as color, chlorophyll, carotenoid and tocopherol content, sterol composition and 

oxidation parameters and harmful components such as PAHs, was evaluated for both 

methods. At the same time, the repetitive use of bleaching clay at the end of the 

MWBSO, which is important because it reduces the production cost of oil and 

environmental pollution, will be examined in this thesis. 
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CHAPTER II 
 

LITERATURE REVIEW 
 

 

2.1 Description of Vegetable Oil 
 
Vegetable oils are obtained from plants such as nuts, seeds, fruits and cereal grains. 

But, plants only having commercial quantities are used for oil production. Even if 

they have commercial value, some of them might not be suitable for human nutrition 

in terms of chemical structure and including materials. Hence, the suitable vegetable 

oils for human consumption are called as edible vegetable oils.  

 
Vegetable oils include more unsaturated fatty acids compared with that of animal 

originated fats. Therefore, they are generally liquid at room temperature because of 

including unsaturated fatty acids. But, as an exception, coconut oil is solid at room 

temperature because of having saturated fatty acids content. Especially, edible 

vegetable oils are usually used for cooking, in salads, in production of margarines 

and in baking etc. Their chemical composition depends on the origin of plant and that 

of growing conditions. These factors cause different quantites of component contents 

in the oil. But, some nonglyceridic components can be changed depending on the 

process and storage conditions [19]. A typical vegetable oil consists of three mole 

fatty acid with one mole glycerol bonded via esterification (Figure 2.1). Vegetable 

oils having non-polar characteristics are soluble in organic solvents because of their 

hydrophobic property. 

 

 
 

Figure 2.1 Structure of oil [20]
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2.2 Sunflower Oil and Its Properties 
  
It is the most common vegetable oil obtained from a plant called as sunflower 

(Helianthus annuus L.) in the world. The main source of oil is the sunflower seeds 

containing high amount oil (40-50%) (Figure 2.2). Mechanical pressing and solvent 

extraction are used for obtaining of oil from seeds. Sunflower oil (SO) mainly 

includes polyunsaturated fatty acids and linoleic acid (C-18:2) and oleic acid (C-

18:1) are the major components (90%) in a typical sunflower oil. The remaining of 

palmitic (C-16:0) and stearic (C-18:0) have 8-10% ratio.  

 
The nonglyceridic components such as tocopherols and sterols are the other 

important components of SO. These components are the effective on the nutritional 

and technological properties of the oil. However, others such as waxes, free fatty 

acids, and phospholipids negatively effect on oil stability and quality [21].  

 
There are also different varieties of sunflower seed including different kind of fatty 

acids. For example, SO including higher oleic acid alternative to olive oil has a 

greater oxidative stability than traditional SO [22]. Therefore, high stearic (C-18:0) 

SO can be cheap and healthy alternative to cocoa butter, a source of stearic fatty 

acids [23]. Hence, SO can be used in different food industries such as cooking, salad 

dressing and fat spreads. A pale yellow color and mild flavor are the main 

characteristics for refined SO. The melting point of SO is below 0 °C. This provides 

an advantage for some products such as processing of sauces and emulsions having 

to keep cold [24]. 

 

 
 

Figure 2.2 Sunflower seeds and sunflower plant 
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2.3 Olive Pomace Oil and Its Properties 
 
High amounts of waste water (100 liters/100 kg olive fruits) and olive pomace (35 kg 

/100 kg olive fruits) occur during the processing of olive oil [25]. Being a solid 

material pomace (Figure 2.3) consists of pieces of skin, pulp, stone and olive kernel.  

 

 
 

Figure 2.3 Olive pomace after the pressing process 
 

Of the total olive weight, the pulp forms about 70-90%, the stone 9-27% and the seed 

about 2-3% [26]. This sludge includes a certain amount of oil and water. That of 

amount of oil and water content changing with olive oil processing conditions (press, 

two-phase and three-phase decanter), determines its commercial value. The ratios of 

water in the pomace are 70%, 45% and 25-30% for two, three phase and press, 

respectively [27].  

 
Olive pomace also includes proteins, carbohydrates, phenols and a number of 

inorganic compounds (Table 2.1). Therefore, this valuable waste is being evaluated 

for different applications such as obtaining olive pomace oil (PO), production of 

bioethanol, biogas, methane and activated carbon [28, 29]. PO contains functional 

components at least as much as extra virgin olive oil. Hence, in recent years there has 

been increasing demand in PO [30]. 
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Table 2.1 Characteristics of the olive oil processing solid wastes [31] 
 

Parameters    Press process Two phases Three phases 
Moisture (%) 27.2 50.23 56.80 
Fats and oils (%) 8.72 3.89 4.65 
Proteins (%) 4.77 3.43 2.87 
Total sugars (%) 1.38 0.99 0.83 
Cellulose (%) 24.1 17.37 14.54 
Hemicellulose (%) 11.0  7.92  6.63 
Ash (%) 2.36 1.70  1.42 
Lignin (%) 14.1  10.21  8.54 
Total nitrogen 0.71  0.51  0.43 
Phosphorous as P2O5 (%)  0.07 0.05  0.04 
Phenolic compounds (%) 1.14 0.33 2.43 
Potassium as K2O (%) 0.54 0.39  0.32 
Calcium as CaO (%) 0.61 0.44  0.37 
Total Carbon (%) 42.9 29.03  25.37 
C/N ratio 60.7 57.17 59.68 
C/P ratio 588.7 552.9  577.2 

 

The crude PO is obtained by using solid-liquid extraction with solvents (especially, 

hexane) followed by other processes. Besides solvent extraction, it can be also 

separated by using centrifugation (physical extraction) process (Figure 2.4 and 

Figure 2.5).  

 

 
 

Figure 2.4 The pomace oil production from pressed pomace or 3-phase pomace [26] 
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Figure 2.5 The pomace oil production from 2-phase pomace [26] 
 

Pomace obtained from press system contains a higher amount of oil than two and 

three-phase systems and also that of water content is lower in this system (Table 2.1). 

Therefore, the more energy consumption and harder drying conditions are needed for 

two and three-phase methods. The better quality oil is obtained from pomace 

including the lower water content [25]. Hence drying plays very important role for 

processing of olive PO. The ideal moisture content is approximately 5% in order to 

increase yield of the oil extraction.  

 
Drying conditions are very effective on the properties of the PO. The applied higher 

temperature (min 500 °C) affects negatively both sensorial and chemical properties. 

It causes the worsening of color and odor and even the formation of harmful 

components such as polycyclic aromatic hydrocarbons (PAHs). As increasing 

temperature, the concentration of oxidized compounds also enhances. On the other 

hand, fermentation and enzyme activity in the pomace are ended by drying.  

 
The other important process for pomace oil is the solvent extraction. The size of 

dried pomace is reduced to increase extraction yield. Batch and continuous extraction 

systems are used in the industry. In the batch method, pomace is filled in the first 

tank after that hexane is added. This mixture is stirred at a certain temperature for a 

while. After this first extraction, pomace is taken another tank and fresh hexane is 

added and this situation can be serially maintained for up to 5-8 tanks. At the end of 

the extraction the crude pomace oil is obtained. But it is not suitable for cooking oil 

due to higher acidity and including unwanted materials such as oxidation products 

and PAHs. Refinery is needed to enhance edible PO quality. Chemical or physical 
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refining can be applied for PO in the industry. However, physical refining is 

recommended for crude PO with high acidity due to the advantages of physical 

refining. Refined PO has been added to certain amount of olive oil or offered directly 

to consumption especially for frying oil.  

 

2.4 Refining of Vegetable Oils 
 

Triacylglycerols are expressed as the most important component of vegetable oils. 

Vegetable oils also includes minor components such as free fatty acids, 

monoacylglycerols, diacylglycerols, phospholipids, free and esterified plant sterols, 

phenolic substances, triterpene alcohols, tocols (tocopherols, tocotrienols), 

hydrocarbons (squalene, carotenes, etc.), trace metals (iron, sulfur, copper, etc) 

oxidation products, sticky substances, waxes, pesticide residues, flavor and odor 

components [32]. Of these components, tocols, phenolic substances, plant sterols, 

carotenes and squalene are the most important bioactive components in vegetable oil.  

 
Therefore, the main purpose of vegetable crude oil refining is; minimizing the loss of 

oil and valuable components, to remove as much as possible various unwanted 

impurities in oil. When considered commercially, vegetable oil refining is necessary 

to meet market needs. Vegetable oil refining includes basic processes such as 

degumming, neutralization, bleaching, winterization and deodorization. Figure 2.6 

shows the oil refining steps and the function of each process.  

 

 
 
 

Figure 2.6 Vegetable oil refining steps and functions [33] 

Refining Steps Removing 

Degumming 

Neutralization 

Bleaching 

Winterization 

Deodorization 

Gum, phospholipids, trace metals 

  Free fatty acids 

Color pigments, oxidation products, heavy 
metals 

  Waxes and sterines  

 Aldehydes, ketones, free fatty acids 
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The refining process can be carried out with two different processes called chemical 

and physical refining. The most important difference between the two processes is 

the way they are implemented. While each process is carried out separately in 

chemical refining, in physical refining, deacidification (neutralization) and 

deodorization are carried out in a single step, using water vapor distillation [34]. 

However, caustic (NaOH) is used for the neutralization process in chemical refining.  

 
The refining process to be applied is determined according to the type and quality of 

the crude oil (especially the amount of phospholipid). The advantages and 

disadvantages of physical and chemical refining are given in Table 2.2. Apart from 

these two refining methods, there is also a method known as cold refining, which is 

used especially for SO and other wax-containing crude oils [35]. 

 

Table 2.2 Advantages and disadvantages of physical and chemical refining [36] 
 

Physical Refining Chemical Refining 

Advantages Disadvantages Advantages Disadvantages 

Higher yields Runs not stable with 
poor crude oil quality 

Less consumption 
bleaching clay 

Lower yields. High 
oil losses due to 
emulsification and 
saponification 
neutral oil 

Less chemical 
usage 

Higher consumption 
bleaching clay 

Stable with poor 
crude oil quality 

Higher chemical 
usage 

Less waste 
production 

Lower concentration 
of  tocopherols in 
distillate (Mainly 
consist of FFA) 

Concentration of 
tocopherols in 
distillate is higher 

Generates more 
waste which is 
difficult and more 
expensive to treat 
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2.5 Bleaching of Vegetable Oils 
 
The bleaching is the most important step in the edible oil refining process and can be 

described as a process which is based on removing undesirable color pigments and 

the other undesirable impurities from the neutralized oil by using a certain amount of 

bleaching earth or active carbon under the determined conditions. Generally, the 

bleaching process is carried out at temperatures between 90-120 °C, by using clay 

0.5-2.0%, in ranging times 20-30 min [37]. However, these values may change 

according to the physical and chemical properties of the oil, type of oil and market 

demand. 

 

 Mechanism of Bleaching  2.5.1
 
Bleaching mechanism depends on the adsorption. It can be occurred by involving 

various physical and chemical interactions. These interactions play an important role 

in obtaining desirable bleached oil quality. But some of them may affect bleaching 

quality adversely. Adsorption is described that molecules adhere to a surface of 

material (Figure 2.7).  

 
Bleaching is carried out in vegetable oil refining by using adsorbent materials which 

allow the other material to adhere its surface but do not penetrate inside of absorbent, 

such as bleaching clay and activated carbon. Van der Waal’s force provides 

attraction between adsorbent and impurities [35].  

 

 
 

Figure 2.7 Mechanism of adsorption [38] 
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This interaction continues until a balance occurs between the pigment concentration 

in the oil and the color pigments deposited on the adsorbent surface. This balance is 

affected by many parameters such as adsorbent type, temperature, mixing time, 

amount of adsorbent and color of material [39]. Some equilibrium isotherms have 

been used to describe adsorption process such as Freundlich, Langmuir and Redlich- 

Peterson [40]. 

 

 Factors Affecting the Bleaching Process 2.5.2
 

Bleaching process depends on temperature, processing time and the amount and type 

of bleaching clay [41]. Therefore, changing of any these parameters directly affects 

the bleaching quality.  

 

 The Effect of Bleaching Adsorbents 2.5.3
 
There are many types of bleaching adsorbent in the edible oil refinery. Bentonite, 

activated clays, activated carbon and others have been usually used for bleaching 

process. Besides some seed hulls and sawdust, cheap and waste materials can be used 

as adsorbent material [42].  

 
In the literature, there are many studies on the effects of different adsorbent types on 

bleaching. Achary et al. [43] used industrial clay, activated bentonite, sepiolite and 

unactivated bentonite as a bleaching agent to remove chlorophyll in flaxseed oil. The 

amount used for each adsorbent group was determined as 4%. While the chlorophyll 

removal rate was 99.4% mostly in industrial clay used; this is followed by activated 

bentonite with 97.8%, sepiolite with 82.7% and non-activated bentonite with 47.2%.  

 
Chetima et al. [44] carried out a bleaching process by using activated carbons 

obtained from waste cottonseed and mahogany tree seed hulls. The bleaching 

efficiency with activated carbon at 5% was compared with the results of commercial 

bleaching clay used at the same amount, and as a result, they was found that 

activated carbon was effective on color pigments by about 96-98%, while 

commercial clay had a performance of 98.4%. Besides, as an adsorbent, it is reported 

that natural or synthetic adsorbents such as chitosan, activated carbon, carbon 

produced from soy shell, attapulgite and other clay minerals, magnesol XL, 

aluminum oxide, magnesium silicate, silicon dioxide can be used [45].  
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Surface area of adsorbents is very critical feature in the bleaching process. Therefore, 

clays are activated by mineral acids in order to obtain the better bleaching quality 

with increasing specific surface area. The clay having 40-60 m2/g dry clay surface 

area originally can be increased up to 200 m2/g dry clay [46].  

 
Figure 2.8 represents activation degree of clay in terms of removing impurities. 

Clays activated by acid treatment; although it increases the bleaching efficiency, 

trace amount of acid remains in their structure. Due to higher amount of clay used 

this trace amount of acid in their body increases the free acidity content in the 

neutralized oil and adversely affects the product quality [47].  

 
Besides, in the existing conventional methods, the desired oil color quality is 

achieved by higher the amount of clay but this leads increasing in oil losses because 

of absorbing approximately 0.36 kg of oil/kg of clay [35] and environmental 

problems due to removal of spent clay. 

 

 
 

Figure 2.8 Activation degrees of clay for better bleaching [48] 
 

 The Effect of Mixing Time  2.5.4
 
Another important parameter to obtain better quality oil is mixing or contact time. 

Mixing time starts with adding clay to oil and ended with filtration. Determination of 

optimum contact time is crucial to avoid color deterioration in oil. Because 

prolonged bleaching may lead undesirable color of oil [49]. Optimum bleaching time 
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depends on initial oil properties, type of adsorbent and temperature. Although 

bleaching time ranges from 15 to 45 min, the most common has been using for 20 to 

30 min [48].  

 

 The Effect of Temperature  2.5.5
 
The bleaching temperature used is usually above the 90 °C. Decreasing oil viscosity 

with increasing temperature provides better dispersion of clay particles. Therefore, 

interaction of oil/adsorbent can be improved in this way Besides higher temperature 

values can obtain some benefits such as increasing chlorophyll removal and 

facilitating filtration but undesirable reactions occur, in which increased oxidation 

products are formed [48]. 

 

 The Effect of Vacuum  2.5.6
 
Vacuum is not only preventing formation of oxidation products but also increase 

removal of color pigments. As the color removal increases due to the use of vacuum, 

it contributes to the reduction of the amount of bleaching earth used [50]. Besides 

vacuum provides drying of oils and clays at low temperatures [51].  

 

2.6 New Bleaching Methods Alternative to Conventional Method 
 
Bleaching is a costly process in the edible oil refining. Therefore, increasing of unit 

bleached oil capacity is very crucial to decrease unit cost of bleaching. In addition, 

reducing amount of used of clay and bleaching time can contribute to the reduction 

of bleaching cost.  

 
On the other hand, obtaining better bleached oil quality is the other important goal. 

In this respect new bleaching methods have been studied in the literature. 

Ultrasound-assisted bleaching, high voltage electrical field and membrane filtration 

are summarized below. 

  

 Ultrasound-assisted Bleaching 2.6.1
 
Thanks to the cavitation forces of ultrasound, it is a promising process in the food 

industry. These forces have been changing chemical and physical structure of 

materials [52]. Therefore, some advantages can be obtained with ultrasound such as 
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shorter processing time and lower temperature. In this respect there are many 

ultrasound assisted bleaching studies in the literature.  

 
Different kinds of vegetable oils (olive, rapeseed, soybean, sunflower, and canola) 

have been investigated in these studies [16, 18, 53-56]. As a result, the bleaching 

time, temperature, and the amount of bleaching clay used were successfully reduced 

in these studies. 

 

 Bleaching with High Voltage Electrical Field  2.6.2
 
This method was first applied by Abedi et al. [17]. In this study, bleaching process 

was carried out by using electrode surfaces. Thanks to electrode surface, impurities 

which are undesirable in oil were polarized under high voltage electric field. 

Therefore, it was aimed to reduce the bleaching time, amount of clay and 

temperature in this method. 

  

 Bleaching with Membrane Filtration 2.6.3
 
Membrane filtration is a material separation method, depends on the size exclusion. 

Dadfar et al. [57] were studied this method for olive oil bleaching. However, 

bleaching was not carried out alone by using ultrafiltration. At low temperature (36.5 

°C) conditions, bleaching clay (0.7%) and activated carbon (0.3%) were added to 

olive oil and mixed for a while before ultrafiltration separation. The authors 

emphasized that this method can be an alternative to the conventional method.  

 

2.7 Microwave Application 
 
The use of microwaves has become very popular in various industrial applications in 

the recent years. Microwave is used especially in food industry to reduce process 

time and increase food quality. In the literature; microwave heating is described as a 

continued promising method among the other electric heating technologies such as 

radio frequency, ohmic, and infrared [58, 59]. Some microwave food applications in 

the literature are summarized in Table 2.3. 
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Table 2.3 Some microwave-assisted applications used in food processing [60] 
 

Applications Objectives Foods 

Vacuum drying Reduce moisture content Seed, grains and citrus juices 

Freeze drying Reduce moisture content Meat, vegetable and fruits 

Drying   Reduce moisture content Macaroni, rice and snacks 

Cooking Modify flavor and texture Bacon, meat patties, potatoes 

Blanching Inactivate spoilage enzymes Fruit, corn and potato 

Baking Heat and activate leavening 

agents 

Bread, pastry, donuts 

Roasting  Heat and promote heat reactions Nuts, coffee, cocoa 

Pasteurization  Inactivation of vegetative 

microorganisms 

Dairy products and prepared 

foods 

Sterilization Inactivation of bacterial spores Dairy products and prepared 

foods, fruit juices 

 
 

 Microwave Description and Its Properties 2.7.1
 
Microwaves are electromagnetic waves in the frequency range of 0.3-300 GHz [61]. 

Figure 2.9 shows the usable microwave area in the electromagnetic spectrum. If the 

microwave is intended to be used outside of these ranges, it will become 

uneconomical as it will require extra radiation shielding to prevent interference with 

other radio systems.  

 
Therefore, while microwave ovens used at home operate at 2450 MHz, industrial 

systems operate at either 2450 MHz or 915 MHz [62]. 
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Figure 2.9 Electromagnetic spectrum for microwave [63] 
 

Due to their structure, microwaves have electric and magnetic fields that are 

perpendicular to each other. These fields cause heating in a short time by moving the 

molecules very fast in the materials they are transmitted to. Unlike conventional 

heating, microwave heating does not depend on the temperature gradient for heat 

transfer [64]. In other words, thermal gradients obtained by microwave heating are 

the opposite of thermal gradients obtained by conventional heating [65].  

 
Microwave heating is instantaneous and volumetric and high power densities can be 

also applied [64]. Microwave, which provides a relatively homogeneous temperature 

distribution over the entire sample, has a penetrating and scattering feature.  

 
On the other hand, conventional heating from the surface to the center; it is called the 

heat transfer method, which makes the surface temperature very high [66]. This 

difference between the two methods is shown in Figure 2.10. 
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Figure 2.10 Mechanism of microwave and conventional heating [66] 

 

 Mechanisms of Microwave Heating 2.7.2
 

One of the mechanisms that explain the heat generation of microwaves is dipolar 

rotation [67]. Dipolar rotation occurs due to the clustering of molecules with a dipole 

moment in the electric field. In this case, the resulting oscillations cause the 

surrounding molecules to vibrate, causing collisions and releasing heat [68]. Thanks 

to this feature, microwave has been used in the extraction process in recent years.  

 
With microwave assisted extraction; it is stated that the processing time is shortened, 

high extraction efficiency is obtained, it has high selectivity, and the quality of the 

target extract is high [69]. It is also reported that it reduces the amount of solvent 

used and has a lower energy requirement [70]. Another theory of microwave heat 

generation is the ionic mechanism. In other words, heat may occur as a result of the 

oscillation migration of the ions in the food [71].  

 

 Factors Affecting Microwave Heating 2.7.3
 
There are many factors that affect microwave heating and its heat distribution. The 

most important of these are dielectric properties and penetration depth [72]. The 

microwave energy absorbed by the material varies depending on the dielectric 
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properties of that material [73]. The importance of polar molecules in microwave 

heating is well known. Water has a high dielectric coefficient due to its polar 

properties and plays a critical role in the microwave heating of food.  

 
On the other hand, in microwave heating, specific heat is usually neglected while 

focusing on dielectric properties [74]. However, specific heat is very important factor 

in the microwave heating [75]. Especially, materials having low specific heat can be 

heated rapidly when subjected to microwave. Vegetable oils have a lower specific 

heat than water so they may be heated by microwave faster than the water of the 

same weight [74].  

 

 Microwave Heating of Edible Oils 2.7.4
 
Microwave is preferred for heating of edible oils because of reduction in heating 

time, providing inner penetration and faster heating [73]. It has been reported that 

microwave heating increases oxidation reactions in oils. However, it is observed that 

these increases occur at very high microwave power conditions and during long-term 

operation. Dostolava et al. [76] treated different vegetable oils with a 500 W (for 25 

g oil) microwave power for 3-40 min to evaluate effect of microwave on the heating 

of oil. As a result of these findings, it is stated that the amount of oxidation increases 

as the time increases.  

 
In another study, Malheiro et al. [77] examined the changes in the oil by heating 

olive oil with a microwave power of 1000 W (for 50 ml oil) for 1-15 min. It is 

expressed that there is no remarkable change in the oil, especially in the first 3 min, 

but there are changes in the oil quality depending on the increase in the time.  

 
Microwave heating also have been used for deep frying in the literature. Aydınkaptan 

et al. [78] studied on the heating of SO at frying temperatures. The range of 

microwave power as 360-600 and 900 W were used in this study. It was observed 

that highest degradation in oil samples was found in the lower microwave power 

because of higher heating time. 
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CHAPTER III 
 

MATERIALS AND METHODS 
 

 

3.1 Materials 
 

 Chemicals  3.1.1
 
Chemicals and solvents used in this thesis were purchased from Sigma-Aldrich Corp. 

(St. Louis, MO, USA.) and Merck (Darmstadt, Germany). All solvents and reagents 

were analytical or chromatographic grade. 

 

 Raw Materials 3.1.2
 
NSO and NPO samples were taken from the bleaching inlet and outlet of a refinery 

located in Gaziantep and İzmir, respectively. The non-bleached and industrially 

bleached sunflower (IBSO) and pomace oil (IBPO) samples obtained from the same 

batch were placed in dark bottles and stored at –18 °C for microwave-assisted 

bleaching (MWB) and subsequent analysis. Acid activated (Suprefast M1FF) 

bleaching clay and activated carbon were also supplied from Gaziantep refinery. 

 
3.2 Methods 
 

 Experimental Design 3.2.1
 
A three-level, five factorial central composite rotatable designs (CCRD) was 

employed to analyze the effects of microwave assisted factors on the bleaching and 

to optimize the bleaching conditions to obtain maximum bleached oil quality. The 

employed CCRD is composed of 20 experiments consisting of 6 center points for 

both oil types (Table 4.1 and Table 5.1). Preliminary experiments were carried out to 

obtain some information about the independent variables and their levels before 

experimental design. In the preliminary studies, the higher microwave power levels 

were studied but burning of the clay was observed. Higher power values also resulted 
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in increased totox value. The independent variables were selected as microwave 

power (A), amount of clay (B) and bleaching time (C). Levels of the independent 

variables were defined as between A, 70-120 W; B, 0.01-0.5% (w/w); C, 2-10 min 

and A, 70-110 W; B, 2-6% (w/w); C, 20-40 min for NSO and NPO, respectively. 

Besides activated carbon is important to reducing polycyclic aromatic hydrocarbons 

in the PO. But, amount of activated carbon was determined depending of color 

quality of PO in this thesis.  

 
According to preliminary experiments, the higher amount of activated carbon was 

not improved desired color of MWBPO. Therefore, the proportion of activated 

carbon was set at 0.5% during all experiments. At the end of optimization, 

verification of experiments was carried out under the optimal conditions and the 

average values of the experiments were compared with the predicted value (Table 4.1 

and Table 4.9). 

 
 Microwave-assisted Bleaching 3.2.2

 
MWB treatments were performed by using CEM Discover SP (Figure 3.1) 

microwave reactor (CEM Corporation, Matthews, USA). Bleaching was carried out 

in a 35 ml glass vessel (CEM Corporation, Matthews, USA). In all experiments, 20 g 

of sunflower oil and pomace oil were charged into the vessel and the vessel was not 

completely filled to prevent the oil from splashing. After the addition specified 

amount of clay, the tube was sealed by using a rubber lid (CEM Corporation, 

Matthews, USA) and placed in microwave reactor. In all experiments, clay, activated 

carbon (it was used just for PO) and oil samples were just stirred inside the reactor.  

 
This microwave system consisted of an infrared sensor for temperature measurement. 

At the end of microwave treatment, the NSO and clay mixture were separated by 

EBA 20 centrifugation (Andreas Hettich GmbH & Co KG, Tuttlingen, Germany) at 

6000 rpm and 25 ˚C for 10 min.  

 
MWBSO was easily separated due to the clay sticking to the walls of the tube. 

However, MWBPO was centrifuged (Eppendorf 5810R, Eppendorf AG, Hamburg, 

Germany) at 9.000 rpm at 25 °C for 10 min. After centrifugation, MWBPO was 

filtered by using 0.45 µm PTFE filter (ISOLAB, Germany) to separate mix of 
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clay/activated carbon under vacuum. MWBSO and MWBPO samples were stored in 

dark amber sample bottles at -18 °C until further analysis. 

 

 
 

                    Figure 3.1 Microwave system used in bleaching experiments 
 

 Industrial Bleaching Conditions 3.2.3
 
According to the information from the refinery company; 8 kg acid activated 

bleaching clay was mixed with 1000 kg NSO and industrial bleaching (IB) was 

carried out at 100 °C for 30 min under vacuum. On the other hand; bleaching clay, 

activated carbon and mixing time were applied as 5%, 1.1% and 120 min, 

respectively for IBPO according to the information from the refinery company. 

 

 Color Measurement 3.2.4
 
Color of oil samples was determined by using HunterLab Colorflex colorimeter with 

standard illumination D65, and colorimetric normal observer angle of 10°. Color 

values were evaluated as L*, a* and b*. Hue angle and chroma were calculated from 
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a* and b* values according to the following formula given by Eqn. (3.1) and (3.2), 

respectively. 

 

                                          Hue angle = tan -1 (b*/a*)                                              (3.1)                                                                               

                                                                                                                    
                                    Chroma= ඥ(𝑎 ∗)^2 + (𝑏 ∗)^2                                           (3.2) 

 

 Determination of Oxidation Parameters, FFA and Soap Content 3.2.5
 
Peroxide value (PV) was determined according to AOCS method [79]. The p-

anisidine value (AV) in oil samples was determined by the spectrophotometric 

(Optima, SP-3000nano, Japan) method as described in AOCS method [80]. PV and 

AV were converted to total oxidation value (Totox) by using Eqn (3.3). 

Spectrophotometric indices (K232 and K270) for PO samples were performed 

according to AOCS method [81]. Free fatty acids (FFA) were determined by titration 

methods as described in AOCS method [82]. Soap content of sunflower oil was 

determined in terms of sodium oleate by titration method according to AOCS [83]. 

 
                                         Totox value = 2 PV + AV                                              (3.3) 

 
 

 Determination of Bleaching Efficiency  3.2.6
 
Bleaching efficiency (BE) of sunflower oil samples was determined by using UV-

VIS spectrophotometer (Optima, SP-3000nano, Japan), measuring absorbance (A) of 

bleached oils at 450 nm. The calculation was carried out by the Eqn. (3.4) given 

below according to Ajemba and Onukwili [84]. 

 

                                 BE (%) =  (஺ೠ೙್೗೐ೌ೎೓೐ ି ஺್೗೐ೌ೎೓೐೏)஺ೠ೙್೗೐ೌ೎೓೐೏   x 100                                                    (3.4) 

 

 Determination of Total Chlorophyll and Carotenoid Content 3.2.7
 

Total chlorophyll and carotenoid contents of bleached oils were determined 

spectrophotometrically according to Minguez-Mosquera et al. [85] by using UV–VIS 

Spectrophotometer (Optima, SP-3000nano, Japan). 7.5 g SO and 2.5 g PO were 

dissolved in cyclohexane and the final volume was completed to 25 ml. Then 
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chlorophyll and carotenoid concentration of oil samples were measured at 670 and 

470 nm, respectively, according to Allalout et al. [86] with the Eqn. (3.5) and (3.6).  

 
                           Chlorophyll (mg/kg) = A670 x 106 / 613 x 100 x d                       (3.5) 

 
                          Carotenoid (mg/kg) = A470 x 106 / 2000 x 100 x d                       (3.6)  

     
                     A: Absorbance, d: Spectrophotometric cell diameter (1 cm). 

 

 Determination of Sterol Compositions  3.2.8
 
Preparation of unsaponifiable matter from 0.25 g of SO and 5 g of PO and 

determination of the composition of the sterol fractions were done according to EN 

ISO 12228-1 [87] and IOC.COI/T.20/Doc [88], respectively. Preparation of 

unsaponifiable matter from and determination of the composition of the sterol 

fractions were done according to derivatives of the sterols and analyzed using a 

Agilent Technologies 7890 A gas chromatography (Agilent Technologies, Santa 

Clara, USA) equipped with a fused silica capillary column HP-5 (30m-0.25mm ID 

and 0.25 μm film thickness) (Agilent Technologies, Santa Clara, USA). Betulin and 

cholesterol (Sigma-Aldrich) were quantified as an internal standard for SO and PO, 

respectively.  

 
The impurities of the internal standards were taken into account in the calculations. 

Identifications of individual peaks were carried out using available reference 

standards and comparing known retention times of the sterols in SO and PO. The 

split ratio was 30:1 and the carrier gas was nitrogen at 1 ml/min. Injector, column 

and detector temperatures were 320, 265 and 320 °C, respectively. Three injections 

of 1 μl were applied for each oil.  

 

 Determination of Tocopherol Content in Sunflower Oil 3.2.9
 
The tocopherol content of SO was determined by Shimadzu Prominence/ LC-20AB 

HPLC using the method proposed by AOCS method [89]. The sample was prepared 

by dissolving 1 g of oil in 9 ml of hexane and injected into a normal phase HPLC to 

analyze tocopherol content. The chromatographic separation was done with a 

Lichrosorb Si60-5 (250 x 4.6 mm id, particle size S-5μm) (Hichrom, Reading, UK). 

The column temperature was maintained at 25 °C. Separation was carried out 
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isocratic elution with n-hexane (99%) and iso-propanol (1%) at 1 ml/min. The eluate 

was monitored at 295 nm. Tocopherol content was quantified based on peak areas 

compared with an external standard, α- tocopherol. 

 
 Determination of Benzo[a]pyrene Content in Pomace Oil 3.2.10

 
A solid phase extraction (SPE) method previously described by Moret and Conte 

[90] was used for extraction and clean-up procedure of benzo[a]pyrene (BaP). 

Purification was performed using a SPE mini column in a visiprep solid- phase 

extraction. Oil sample (2.5 g) was diluted with n-hexane in 10 ml volumetric flask. 

Then, 1.0 ml of the sample solution was transferred onto 5 g silica SPE cartridge 

(Mega Bond Elute, 20 ml, Varian, Palo Alto, CA, US) previously conditioned with 

20 ml of dichloro-methane, dried completely under vacuum and conditioned with 20 

ml of n-hexane.  

 
PAHs solution was eluted with mixture of n-hexane and dichloromethane (70:30 

v/v). The first 8 ml of elute was discharged, and the following 8 ml elution including 

PAH fraction was collected in a tube. The flow rate was adjusted to one drop per 

second.  

 
Elute was evaporated with nitrogen. The concentrate was dissolved in 1 ml of 

acetonitrile and injected into the HPLC (Agilent 1260 series, Santa Clara, USA) 

equipped with a fluorescence detector. An Agilent Zorbax Eclipse PAH C18 column 

(3 mm, 250 mm, 5 µm) at 20 °C was used for separation. The BaP and total PAHs 

were quantified based on peak area compared with that of external standard.  

 

 Determination of the Reusability of Bleaching Clay 3.2.11
 
This study was only carried out at the end of MWBSO. The clay used in the 

MWBSO was regenerated according to Foletto et al. [91], and Nursulihatimarsyila et 

al. [92]. The mixture was stirred at 40 °C for 30 min. Then the bleaching activity was 

tested after the degreased clay was dried for 8 hours at 120 °C. Regeneration was 

carried out continuously after each MWB until clay efficiency was reduced. 

Repeated use of bleaching clay was determined according to the color parameters 

(L*, a*, b*, hue angle and chroma) and bleaching efficiencies (Eqn. 3.4).  
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 Scanning Electron Microscopy Analysis 3.2.12
 
The effect of repetitive usage of the bleaching clay on its surface morphology was 

examined by using scanning electron microscopy (SEM). Gold/palladium was used 

for the coating of the samples in an SC7620 sputter coater (Emitech, Kent, UK). 

Images of samples were taken with Zeiss GeminiSem300 (Carl Zeiss Ltd. Co., 

Germany) scanning electron microscope. The SEM images were obtained at 4-5 kV 

under high vacuum condition and 300×magnification. 

 

 Statistical Analysis 3.2.13
 
Experimental design and statistical analysis were conducted using Design Expert 

version 7.0 software (State-Ease Inc., Minneapolis, Minn., U.S.A.). Statistical 

parameters such as lack of fit, the coefficient of determination (R2) and the F-test 

value obtained from the analysis of variance (ANOVA) were used to evaluate the 

best fitting model. 

 
Regression analysis and three-dimensional surface plots were generated to 

understand the effect of microwave assisted conditions on response variables. SPSS 

22 (SPSS Inc. Chicago, IL, USA) statistical package program was used to analyze 

the results of the experiments and results were evaluated by one-way t-test and 

Duncan multiple comparison tests. All experiments were performed in three 

replicates and the results were given as mean ± standard deviation. 
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CHAPTER IV 
 

RESULTS AND DISCUSSION 
 
 
4.1 Microwave-assisted Sunflower oil Bleaching 

 
NSO samples were separated from the clay by decantation after bleaching and made 

ready for analysis (Figure 4.1a and b). 

 

 
 

Figure 4.1 Prepared NSO samples for MWB and separated clay with decantation 

 (a) NSO samples before bleaching (b) Separated clay after bleaching  
 

 Optimization of Microwave-assisted Bleaching of Sunflower oil 4.1.1
 

4.1.1.1 The Central Composite Rotatable Design and Optimization 
 

4.1.1.1.1 Fitting Model 
 
RSM was employed with CCRD to evaluate the effects of microwave power, 

bleaching time and amount of clay on bleaching efficiency and oil quality in terms of 

hue angle, chroma and totox value of the MWBSO. The experimental design and the 
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experimental results for MWBSO have been presented in Table 4.1. In this study, the 

totox value ranged from 19.27 to 29.91 while the hue angle and chroma ranged from 

92.78 to 99.43 and 30.57 to 55.48, respectively. 

 
Table 4.1 Three factor-five level experiment design generated for MWBSO 

 
Run       FACTORS                                                                RESPONSES 

  
X Y Z Totox Hue Angle Chroma 

(Watt) (%) (s) Experimental Predicted Experimental Predicted Experimental Predicted 

1 95 0.26 360 22.02±0.61 22.36 96.24±0.05 96.73 41.21±0.03 39.80 

2 110 0.11 241 20.50±0.06 19.49 93.55±0.02 93.41 48.02±0.01 49.86 

3 120 0.26 360 22.73±0.08 23.82 96.99±0.01 97.30 39.70±0.01 37.37 

4 95 0.26 120 19.27±0.01 19.72 92.78±0.02 92.90 50.19±0.01 49.07 

5 80 0.11 241 19.28±0.01 19.76 93.56±0.01 93.52 50.05±0.01 50.41 

6 110 0.40 503 29.91±0.90 28.69   99.43±0.01 99.47 30.57±0.02 30.41 

7 95 0.50 360 21.73±0.24 22.43 97.48±0.01 97.40 37.47±0.01 38.67 

8 95 0.26 360 23.14±0.73 22.36 96.84±0.02 96.73 38.97±0.01 39.80 

9 95 0.26 360 22.85±0.73 22.36 96.73±0.01 96.73 39.40±0.01 39.80 

10 110 0.40 241 21.26±0.01 21.12 96.36±0.01 96.08 40.34±0.05 41.72 

11 95 0.26 360 21.69±1.14 22.36 96.63±0.02 96.73 40.44±0.04 39.80 

12 80 0.40 503 23.31±0.14 23.59 97.31±0.01 97.44 37.18±0.04 35.60 

13 110 0.11 503 26.17±0.01 26.12 96.06±0.01 95.86 42.75±0.01 44.12 

14 95 0.01 360 20.55±0.02 20.90 93.67±0.01 93.76 55.48±0.01 53.92 

15 95 0.26 360 22.98±0.03 22.36 97.10±0.01 96.73 38.67±0.01 39.80 

16 95 0.26 600 28.58±0.02 29.16 97.76±0.01 97.65 34.80±0.01 35.55 

17 70 0.26 360 19.84±0.01 19.80 96.00±0.01 95.70 40.15±0.01 42.12 

18 95 0.26 360 21.65±0.74 22.36 96.86±0.01 96.73 40.05±0.04 39.80 

19 80 0.40 241 19.70±0.07 19.01 94.05±0.02 94.24 47.06±0.02 45.94 

20 80 0.11 503 24.01±1.21 23.41 95.56±0.01 95.78 46.34±0.01 45.60 
   X: Microwave Power; Y: Bleaching time; Z: Amount of clay. ± Standard Deviation. 

 

The multiple regressions and backward elimination were employed to get the best 

fitting statistical model for each response. Table 4.2 summarizes the ANOVA and 

regression analysis’ results for the hue angle, chroma and totox value. 
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Table 4.2 ANOVA results for sunflower oil responses 

 

The quadratic model was determined as the best fitting model according to non-

significant lack of fit and R2 values for all responses (Table 4.2). Non-significant 

lack of fit and high R2 value indicates that the statistical model fits well with data 

[18, 92]. Besides adequate precision values obtained for each response were higher 

than 4, it can be said that there is a good correlation between the estimated values 

and experimental data [93]. Similarly, Chew et al. [13] and Garcia-Moreno et al. [95] 

Source Sum of 
squares Df Mean Square F value p- value 

Model (Totox) 146.07 6 24.35 31.60 < 0.0001 
A-MW power 19.73 1 19.73 25.61 0.0002 
B-Clay content 2.82 1 2.82 3.65 0.0782 
C-Time 107.44 1 107.44 139.45 < 0.0001 
AB 2.84 1 2.84 3.69 0.0770 
AC 4.45 1 4.45 5.77 0.0319 
C2 8.79 1 8.79 11.41 0.0049 
Residual  10.02 13 0.77   
Lack of fit 7.72 8 0.96 2.10 0.2154 
Pure error 2.30 5 0.46 31.60 < 0.0001 
Core total 156.09 19 - 25.61 0.0002 
R2=0.94, Adj.  R2= 0.91, Pred. R2=0.83, Adeq Precision =18.37 
Model (Hue Angle) 54.30 7 7.76 95.13 < 0.0001 
A-MW power 3.11 1 3.11 38.17 < 0.0001 
B-Clay amount 15.99 1 15.99 196.12 < 0.0001 
C-Time 27.24 1 27.24 334.08 < 0.0001 
AB 1.90 1 1.90 23.32 0.0004 
BC 0.44 1 0.44 5.45 0.0378 
B2 2.33 1 2.33 28.57 0.0002 
C2 3.77 1 3.77 46.19 < 0.0001 
Residual  0.98 12 0.08   
Lack of fit 0.56 7 0.08 0.97 0.5329 
Pure error 0.42 5 0.08 95.13 < 0.0001 
Core total 55.27 19 - 38.17 < 0.0001 
R2=0.98, Adj. R2=0.97, Pred. R2=0.95. Adeq Precision=36.56 
Model (Chroma) 627.77 6 104.63 36.32 < 0.0001 
A-MW power 27.47 1 27.47 9.54 0.0086 
B-Clay amount 280.68 1 280.68 97.44 < 0.0001 
C-Time 220.64 1 220.64 76.59 < 0.0001 
BC 15.25 1 15.25 5.29 0.0386 
B2 76.89 1 76.89 26.69 0.0002 
C2 11.54 1 11.54 4.01 0.0667 
Residual  37.45 13 2.88   
Lack of fit 32.85 8 4.11 4.47 0.0580 
Pure error 4.59 5 0.92 36.32 < 0.0001 
Core total 665.22 19  9.54 0.0086 
R2=0.94, Adj.R2=0.92, Pred. R2=0.83, Adeq Precision =22.02 
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have also reported the quadratic model for the bleaching studies based on totox and 

color parameters.  

 
The reduced models created with the terms that are only statistically significant are 

expressed in Equation (4.1), (4.2), (4.3) for totox (Y1), hue angle (Y2) and chroma 

values (Y3), respectively. 

 𝑌1 = 22.03 + 1.20𝑥𝐴 + 0.45𝑥𝐵 + 2.80𝑥𝐶 + 0.59𝑥𝐴𝑥𝐵 + 0.74𝑥𝐴𝑥𝐶 + 0.77𝑥𝐶2                       (4.1) 𝑌2 = 99.67 + 0.47𝑥𝐴 + 1.08𝑥𝐵 + 1.41𝑥𝐶 + 0.48𝑥𝐴𝑥𝐵 + 0.24𝑥𝐵𝑥𝐶 − 0.4𝑥𝐵2 − 0.51𝑥𝐶2      (4.2) 𝑌3 = 39.78 − 1.41𝑥𝐴 − 4.43𝑥𝐵 − 4.02𝑥𝐶 − 1.38𝑥𝐵𝑥𝐶 + 2.30𝑥𝐵2 + 0.89𝑥𝐶2                      (4.3) 

 

The magnitude of coefficients for bleaching time and amount of clay are higher than 

the coefficients for current microwave power and other interactions. On the other 

hand, the magnitude of coefficients for microwave power and amount of clay are 

higher than the coefficients for current hue angle, chroma and other interactions, 

indicating that these parameters have a more significant effect on hue angle, chroma 

and totox value. The other parameters seem to have a quadratic effect on the hue 

angle, chroma and totox value.  

 

4.1.1.1.2 The Effect of MWB Parameters on the Oxidation of Oil 
 
Oxidation of fats and oils during the bleaching is one of the important deteriorative 

reactions. Totox value is one of the important ways to express the total oxidation 

degree of fats and oils. Hence totox value was followed as oxidation indicator in this 

study.  

 
Among the independent variables microwave power, time, and their interaction (AC) 

were found significantly affected (p < 0.05) on the totox value. Second-order term of 

time (C2) had also significant (p < 0.05) effects on the totox value. On the other hand, 

neither the first-order term of amount of bleaching clay nor its interactions with other 

responses (AB, BC) had no significant (p > 0.05) effect on the totox value of 

MWBSO.  

 
3D response surface plots for totox value of MWBSO samples as a function of 

independent variables were shown in Fig 4.2a, b and c. The totox value of SO 
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increased with rising of microwave power and longer irradiation time. The exposure 

of material to high microwave power increases the temperature of the material. 

Therefore the increase in temperature due to high microwave power negatively 

affects the oxidation stability of oil.  

 

 

 
 

Figure 4.2 3D response plots totox value 
 

Marrakchi et al. [96] stated that the bleaching temperature significantly affects the 

oxidation stability. In another study in which optimization of IB conditions was 

studied, it was emphasized that temperature and bleaching earth had significant 

effect on totox value [13]. Contrary to the findings of Chew et al. [13] the amount of 

clay in MWB was not found to be effective on the totox value than that of 
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commercial bleaching process. It may be due to using of low amount of clay and 

lower bleaching time in MWB conditions.  

 
İçyer and Durak [18] emphasized that especially p-anisidine and totox value 

increased as increasing bleaching time in both conventional and ultrasonic bleaching 

method. The maximum totox value (29.91) obtained in MWB was found comparable 

with totox value (31.07) reported by İçyer and Durak [18] for 30 min conventional 

bleaching. In general, as increasing the amount of clay, removal of unwanted 

compounds in the oil during bleaching can be facilitated.  

 
On the other hand the catalytic properties of acid-activated bleaching earth convert 

hydro peroxides into secondary oxidation products. Consequently, this situation 

affects the totox value [97, 98]. It is quite clear from our findings that the low 

microwave power (80 W) and short processing time (8 min) has no effect on oil 

quality and just little effect on peroxide and p-anisidine value of the oil processed by 

microwave. Even if totox value increased slightly with increasing peroxide and p-

anisidine values, they are similar to the findings obtained by conventional bleaching 

process [13, 97, 98].  

 
In addition, it should be kept in mind that the following deodorization process will 

remove the formed oxidation products which are commonly produced also in 

conventional technology. It is emphasized in the literature in many sources [12, 37, 

99].  

 
4.1.1.1.3 The Effect of MWB Parameters on Color Properties 
 
Although Lovibond tintometer is accepted as a standard method in measuring the 

color of oils, HunterLab has been used in many studies to measure the color of oils 

[13, 17, 54]. In addition, Abedi et al. [54] have reported a correlation between b * 

and a * values and carotenoid and chlorophyll concentrations, respectively.  Hue 

angle and chroma have been followed for the prediction of color change during 

MWBSO. While hue angle represents color appearance (0°: red, 90°: yellow and 

180°: blue), chroma is defined as a measure of whiteness and vividness of color [85].  

 
All independent variables (A, B and C) were found significantly (p < 0.05) effective 

on the hue angle and chroma value. Besides some interactions such as microwave 
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power/amount of clay (AB), amount of clay/time (BC) and second-order term of time 

(C2) were found significantly effective (p<0.05) on the hue angle. Garcia-Moreno et 

al. [95] found a similar correlation between hue angle and chroma.  

 
Response surface plots for chroma and hue angle value of bleached sunflower oil 

samples as a function of independent variables were shown in Fig 4.3a, b and c, 

respectively. Based on Fig 4.3b, microwave power and amount of clay had 

significant positive effect on hue angle. Moreover interactions of microwave power 

and amount of clay had a synergistic effect on hue angle. The interaction of 

microwave power and amount of clay has caused an increase in hue angle. This 

means that the redness was removed from the SO.  

 

 

 
 

Figure 4.3 3D response plots for chroma and hue angle values 
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Bleaching time was found as other important parameters for hue angle. Especially, 

interaction of time and amount of clay caused a positive effect on the hue angle 

(Figure 4.3c). Furthermore, the second order effects of these two variables on the hue 

angle had a negative coefficient which means that these variables had reached an 

optimum value in the studied range. In other words, the increase in time and amount 

of clay did not cause further rising in hue angle after a certain point. Interactions of 

BC and second-order term of amount of clay (B2) were found significant on the 

chroma. Chroma value decreased with increasing amount of clay and time and vice 

versa (Figure 4.3a).  

 
A negative correlation was determined between the hue angle and chroma value. 

Although the hue angle increases, the chroma values decrease. Marrakchi et al. [96] 

reported a similar trend in their study.  

 
4.1.1.1.4 Optimization and model verification 
 
Optimization of MWBSO was carried out by minimizing totox and chroma and 

maximizing hue angle in SO samples. In the optimum conditions, the temperature 

started with ambient temperature and reached to 100 °C at the end of the bleaching. 

In other words, the temperature increased during the treatment period but remained 

below 100 °C without applying vacuum. Optimum conditions for MWBSO were 

found as 80 W, 8.0 min and 0.4% for microwave power, time and amount of clay, 

respectively.  

 
Compared with the studies in the literature on reducing of clay and bleaching time, it 

is seen that optimized MWBSO conditions provides more effective decreases. For 

example, Abedi et al. [54] was reported that bleaching of different two oils were 

carried out by using 1.22 and 1.35% clay for 28 min. The same researchers in a 

different study [17] on the bleaching of sunflower and soybean oil by using high 

voltage electric field found optimum conditions as 1% clay and 20 minutes; 0.5% 

clay and 20 min for soybean and sunflower oil, respectively. In another study Asgari 

et al. [56] have studied on bleaching of olive oil and they reported 13 min for 

bleaching time and 1.21% for the amount of clay.  
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The bleaching time in none of these studies could not been decreased below 10 min. 

It was ranged from 15 min to 30 min. Among these studies amount of clay used was 

minimum 0.8% determined by İçyer and Durak [18].  

 
Temperature is one of the important parameters in order to obtain effective 

bleaching. The temperature values used in the ultrasonic bleaching process can be as 

a limiting factor. Because with the rapid increase of the liquid temperature, a dense 

of bubble formation begins in the liquid and continues increasingly. But the tendency 

of the bubbles to collapse becomes harder due to the high pressure inside of them 

acting as a bed [100]. Therefore, in the ultrasound assisted bleaching process, the 

effect of high temperature bleaching required to achieve the desired oil quality 

cannot be obtained due to sonication. [54].  

 
In addition, in cases where high temperatures are inevitable, unwanted taste and 

odors has been observed in ultrasonic method [53]. But due to the having lower 

specific heat, vegetable oils can be heated to high bleaching temperature easily in a 

short time by microwave which is important advantage compared to ultrasound 

method.  Abedi et al. [17] used 1.5% bleaching earth and 30 min bleaching time to 

imitate the industrial process as a control system. The microwave bleaching results 

have shown that MWB is very advantageous in terms of usage of clay (0.4%) and 

bleaching time (8 min) than those used in industrial conditions.  

 
For verification of the response values estimated as a result of the optimization, three 

independent MWB studies were carried out at optimum conditions and experimental 

response values were determined. Experimental and estimated values for each 

response under optimum conditions are given in Table 4.3.  

 
Table 4.3 Comparison of experimental and estimated values for sunflower oils 

        ± Standard Deviation. Data are means of triplicates. 

 

Response Experimental Predicted p value 

Totox value 23.31 ± 0.28 22.48 0.13 

Hue angle 96.91 ± 0.02 97.28 0.19 

Chroma 37.66 ± 0.02 35.67 0.08 
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The optimum values obtained from Design Expert for totox, hue angle and chroma 

were found as 18.37, 36.56 and 22.02, respectively. Furthermore, one-way t-test 

showed that there was no statistically significant difference between the experimental 

data and the predicted values for all three responses (p> 0.05). 

 
 Comparison of MWBSO with IB 4.1.2
 

4.1.2.1 Processing Conditions for Bleaching Techniques 
 
Table 4.4 summarizes the real IBSO conditions and optimized conditions of 

MWBSO. In optimum conditions of MWBSO, the amount of clay and bleaching 

time were decreased by 50% and 73%, respectively, relative to those used in 

conventional bleaching.  

 
Table 4.4 Processing parameters for industrial and optimized MWB 

 

 
 
The bleaching was applied to hot fed oil at a temperature of 100 °C for 30 min under 

the vacuum in conventional process while the oil temperature reached to 100 °C from 

ambient temperature during the microwave bleaching process in 8 min at a power of 

80 W under atmospheric pressure. In other words, microwave treatment caused the 

heating and bleaching of oil in a short time (8 min) below 100 °C because of its low 

specific heat capacity and high bleaching efficiency.  

 
Hence, MWB might be advantageous with its short heating time, low process 

temperature and the absence of vacuum. The used amount of clay and processing 

time in MWB were also lower compared to those of new bleaching techniques such 

as ultrasound and high voltage electric field [17, 54, 56]. 

 
 

Parameters Industrial Bleaching Microwave-Assisted 
Bleaching 

Amount of clay (% m/m) 0.8 0.4 

Bleaching time (min) 30 8 

Process temperature (ºC) 100 <100 

Vacuum use Yes No 
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4.1.2.2 The Effects of Bleaching Processes on Color Properties 
 
Minor components in the oil such as chlorophyll and carotenoids are responsible for 

the color of crude and refined oils. Especially, green-yellowish, orange and redness 

occur in the presence of these components [101]. The color and color related values 

of bleached SO obtained by MWB were given in Table 4.5. Topkafa et al. [39] stated 

that the amount of chlorophyll in four different crude sunflower oils was between 

403-1021 µg/kg. On the other hand, Kreps et al. [101] reported the amount of 

chlorophyll in standard sunflower oil and sunflower oil with high oleic acid as 4320 

and 5620 µg/kg, respectively. Abbasi et al. [55] found that the amount of chlorophyll 

in neutralized sunflower oil was 8720 µg/kg. These differences are due to different 

sunflower species, climatic conditions and soil characteristics of cultivated regions. 

Chlorophyll is desired to be removed from the oils as much as possible, as it 

transforms into pheophytin, which gives a dark color to the oils, and supports 

oxidation with the effect of temperature [102, 103]. 

 
Chlorophyll destruction was found to be 85.37 and 87.80% in MWBSO and IBSO, 

respectively. Kreps et al. [101] reported that destruction of chlorophyll was 95% 

after bleaching.  

 

Table 4.5 Color and color related values of bleached sunflower oils 

Different letters (a. b. etc.) in each line indicate statistical difference (p <0.05). Data are means of triplicates. ±: 
Standard Deviation (n=3). 
 

Parameters Before Bleaching 
Industrial 
Bleaching 

Microwave-Assisted 
Bleaching 

L* 60.26a±0.02 78.28b±0.01 78.59b±0.02 

a* -0.70a±0.01 -3.85b±0.01 -4.60c±0.01 

b* 44.20a±0.02 36.89b±0.02 37.52b±0.01 

Hue angle 90.91a±0.03 95.96b±0.02 96.99c±0.02 

Chroma 44.21a±0.01 36.99b±0.01 37.80b±0.02 

Chlorophyll  (µg/kg) 3009.78a±0.99 367.05b±0.96 440.45c±0.93 

Carotenoid (mg/kg) 1.91a±0.08 0.37b±0.05 0.48c±0.03 

Bleaching efficiency 

(%) 

- 85.68a±0.02 83.76b±0.01 
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The carotenoid content of sunflower oil is generally low, and Gunstone [104] and 

Abbasi et al. [55] stated the carotenoid content of sunflower oil as 1-1.5 mg/kg and 

5.95 mg/kg, respectively. In this study, it was found as 1.91 mg/kg in pre-bleaching. 

The loss of carotenoid content was found as 80.63% in IBSO and 74.87% in 

MWBSO. Abbasi et al. [55] determined the carotenoid loss to be at 75.4% and 

76.6% in conventional and ultrasonic bleaching, respectively for 30 min. Thus, 

despite the short bleaching time, MWB is quite effective, and the carotenoid content 

of the oil bleached with this method was found to be slightly higher than that of the 

oil in IBSO. 
 

The lower a* value of MWBSO than that of IBSO indicates that the microwave 

process reduces redness more and the results confirm each other when looking at the 

chlorophyll content and a* values. In both applications, the yellowness value (b*) of 

the oil decreases, while the yellowness is slightly higher in MWB. The high b* value 

in MWBSO, where the carotenoid content is high, confirms this. While the L* value 

was increased in both methods compared to the NSO, the brightness values were 

found very close for MWBSO and IBSO. 

 
Hue angle refers to pure red at 0°, pure yellow at 90° and pure blue at 180° [105]. 

Chroma is defined as a measure of whiteness and vividness of color [85]. The hue 

angle value increased in IB and MWB methods compared to unbleached oil. 

However, slightly higher hue angle and chroma value in MWBSO can be explained 

by the relatively high b* value. A negative correlation was determined between hue 

angle and chroma value. Garcia-Moreno et al. [95] found a similar correlation 

between them. 

 
The bleaching efficiency can be expressed as a measure of the extent to which 

unwanted color pigments are removed from the oil. The different bleaching effect is 

due to the different a* and b* values of the oils after both bleaching methods.  

 
4.1.2.3 Effects of Bleaching Processes on Totox, FFA and Soap Residues 
 
Table 4.6 summarizes the oxidation parameters and free acidity content and soap 

content in MWBSO and IBSO compared to NSO. Although it seems a decrease in 
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the peroxide value of the oil samples in both bleaching methods compared with 

NSO, there was no significant change in the PV in MWB.  

 

Table 4.6 Oxidation parameters, FFA and soap content in bleached sunflower oils  

Different letters (a. b. etc.) in each line indicate statistically difference (p <0.05). Data are means of triplicates. ±: 
Standard Deviation (n=3). N.D: Not Detected.  
 
 

Peroxide values showed a decreasing trend in IBSO with a rate of 23.3%. On the 

other hand, it was observed that PV in MWBSO was not change statistically 

compared with before bleaching. This is thought to be due to 50% less clay use 

compared to IBSO and short bleaching time. The fact that the peroxide value does 

not change in MWB can be explained by the very fast oxidation mechanism. In other 

words, while existing primary oxidation products are rapidly transformed into 

secondary oxidation products, new primary oxidation products are likely to form. It 

has been reported in the literature that peroxides turn into secondary oxidation 

products during bleaching [106]. Abedi et al. [17] stated that when 1.5% clay was 

used in high voltage bleaching process, the PV decreased from 5.21 meq O2/kg to 

0.98 meq O2/kg (81.19%) after 30 min. In the same study, it was found that the 

peroxide value decreased by 67.56% under IB.  

 
In some studies, it has been stated that as the amount of clay used during bleaching 

increases, the PV decreases [13, 54, 107, 108]. Ortega-Garcia et al. [109] reported 

that during bleaching, the amount of clay should be in the range of 1-1.5% to reduce 

the PV near zero. Silva et al. [107] expressed that the PV in palm oil was reduced to 

near zero by using more than 1% of the acid activated clay. However, in the same 

study, when natural (inactivated) clay is used, it is expressed that this value is 2%.  

Parameters Before Bleaching Industrial Bleaching 
Microwave-Assisted              

Bleaching 

Peroxide (meq/kg) 9.90a ± 0.06 7.59b ± 0.03 9.28a ± 0.05 

P-anisidine 0.40a ± 0.02 3.68b ± 0.02 3.83c± 0.04 

Totox 20.20a ± 0.11 18.86b ± 0.15 22.39c ± 0.18 

FFA (%) 0.27a ± 0.02 0.20b ± 0.01 0.28a ± 0.01 

Soap content (ppm) 6.06 ± 0.03 N.D N.D 
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AV increased rapidly in both bleaching methods. Although the PV of MWBSO does 

not change, the AV is slightly higher than the IBSO. Despite the lower temperature 

and short duration in MWB, this may be due to the fact that vacuum is not applied 

(under open conditions to the atmosphere). Although vacuum is not applied, it is 

quite successful to obtain a value close to IBSO in a short bleaching time. As a result 

of bleaching carried out under MWBSO conditions, totox values are slightly higher 

than IBSO. A great deal of oxidation products are removed from the oil during 

deodorization that is emphasized in the literature [11, 37]. This small difference is 

not at a level that will adversely affect oil quality. 

 
FFA is the most important determinant of the suitability and edibility of oils. 

Increase in FFA adversely affects the taste, odor and oxidative stability of oils [110].  

The increase in FFA compared to non-bleached oil is interpreted as the result of the 

leakage of trace amounts of acid in the acid activated clay into the oil [101]. 

Therefore, decreasing the amount of acid activated clay can prevent the increase of 

FFA. While FFA decreased in IBSO, there was no significant change in acidity in 

MWBSO compared to unbleached oil. This is probably due to the reduced amount of 

clay used and the short bleaching time. A similar result was noted by Jahouach-Rabai 

et al. [53]. The authors noted that there was no big difference in acidity in 

unbleached oil and ultrasound bleached oil.  

 
Shelf life and durability of oils depend on soap content and low soap content is 

expressed as high shelf life [110]. They cause the formation of undesirable 

destruction products such as long chain or cyclic ketones [37]. The soap content was 

not detected in both IBSO and MWBSO. Therefore, MWB was found to be very 

effective in removing soap residues from oil. 

 
While Shah et al. [110] stated the amount of soap in NSO as 121 ppm, Girgis [111] 

determined it as 40 ppm. The amount of soap in NSO given in the literature is 

considerably higher than that of the SO used in this study. This difference in soap 

content is thought to be due to the neutralization conditions applied and the free 

acidity content of crude SO. Shah et al. [110] reported that the amount of soap in SO 

after bleaching was reduced from 121 ppm to 60.4 ppm. On the other hand, Girgis 

[111] emphasized that it was reduced from 40 ppm to 8 ppm.  
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4.1.2.4 Effect of Industrial and Microwave Bleaching on Sterol Composition and 
Tocopherol Content 

 
The major sterol components in sunflower oil are reported to be campesterol, 

stigmasterol, β-sitosterol, Δ5- and Δ7-avenasterols, and Δ7-stigmastenol [112]. 

Sterol composition and tocopherol content of MWBSO and IBSO are shown in Table 

4.7. The dominant component in NSO was found as β-sitosterol. No statistical 

difference was observed between pre-bleaching and MWBSO and IBSO when 

compared in terms of sterol composition. Javidipour et al. [113] stated the tocopherol 

amount in refined SO as 513.01 ppm, while Kreps et al. [101] expressed it as 332 

ppm in crude SO.  

 

Table 4.7 Sterol composition and tocopherol content of bleached sunflower oils 

 
Parameters Before 

Bleaching 
Industrial Bleaching Microwave Assisted 

Bleaching 
Sterol composition(%)    
Cholesterol 0.55a±0.09 0.27b±0.05 0.21b±0.04 
Brassikasterol 0.09a±0.01 0.09a±0.01 0.08a±0.01 
Campesterol 8.45a±0.43 8.32a±0.43 8.59a±0.44 
Stigmasterol 8.85a±0.67 8.60a±0.65 8.73a±0.44 
Beta sitosterol 53.19a±0.39 53.32a±0.4 54.33a±0.41 
Δ5-avenasterol 4.74a±0.94 5.02a±0.99 4.45a±0.89 
Δ7-stigmastenol 11.13a±0.68 10.65a±0.65 10.85a±0.66 
Δ7-avenasterol   5.25a±1.01 4.92a±0.95 5.05a±0.97 
    
Tocopherol (ppm)    

α-Tocopherol 487.50a ±3.00 448.50b ±3.00 449.50b ±3.00 

Different letters (a. b. etc.) in each line indicate statistically difference (p <0.05). Data are means of triplicates. ±: 
Standard Deviation (n=3). 
 
 
Tocopherol loss in MWBSO was found statistically the same as IBSO. It has been 

reported that the degradation of the tocopherol is due to the alkalinity or acidity of 

the bleaching earth used [101]. Javidipour et al. [113] stated in their study that when 

10 g of SO was treated at 600 W microwave energy for 9 min, the tocopherol loss 

was 16.85%. It can be said that this high amount of tocopherol loss is due to the high 
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microwave energy used.  However, it is possible to say that when low microwave 

energy is used in short bleaching times, MWB preserves tocopherol loss.  

 
4.2 Reusability of bleaching clay used in microwave-assisted bleaching 
 
As shown in Table 4.8, the bleaching quality of sunflower oil gradually decreased 

after the second use of clay. L* value did not change statistically up to third use, but 

a* and b* values were found significantly different (p<0.05) after the first use.  

 
Especially, yellowness (b*) of the oil dramatically increased with increased number 

of reuse of the clay for bleaching. This situation can be seen more clearly when the 

hue angle and chroma values are examined. As the frequency of reuse increases, the 

hue angle value had presented an approach towards 90°, which is considered as pure 

yellow.  

 

Table 4.8 The bleaching performance of reused clay 
 

Parameters First use Second use Third use Fourth use 

L* 78.59a±0.02 78.25a±0.06 77.63b±0.25 74.79c±0.54 

a* -4.60a±0.01 -4.25b±0.07 -3.83c±0.02 -3.42d±0.03 

b* 37.52a±0.01 43.36b±1.57 50.81c±0.47 54.17d±0.33 

Hue Angle 96.99a±0.02 95.55b±0.23 94.30c±0.01 93.63d±0.33 

Chroma 37.80a±0.02 43.57b±1.56 50.95c±0.46 54.28d±0.62 

Bleaching 
Efficiency (%) 83.76a±0.01 75.83b±0.53 56.25c±0.72 27.70d±0.20 

Different letters (a. b. etc.) in each line indicate statistically difference (p <0.05). Data are means of triplicates.±: 
Standard Deviation (n=3). 
 
 
The fresh and used clay have been presented in Figure 4.4. Depending on the number 

of uses, the chroma values increased, in other words, the color in the bleached oil had 

lost its vividness and whiteness.  
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Figure 4.4 Physical situation of bleaching clay 

(a) Fresh clay (b) Used clay 
 

It was observed that the physical structure of the bleaching clay changed from 

powder to the flakes form with repetitive use (Figure 4.5).   

 

 
 

Figure 4.5 Physical structure of bleaching clay during repetitive use 
 

After the third use, the clay was dispersed in the oil as flakes (Figure 4.6) and this 

situation caused a decrease in the bleaching efficiency due to its lower absorption 

capacity. Foletto et al. [91] reported that the bleaching efficiency was between 32-

67% (with hexane it is 34%) by using 1% spent bleaching clays that were deoiled by 

using different solvents. Compared to these results, MWB, which uses 60% less clay, 

has a higher bleaching effect (75.83%) in second use, and it is thought that 

microwave makes a serious contribution for reuse of the clay.  
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Figure 4.6 The clay dispersed in the form of flakes in oil after repetitive use 
 

 The surface morphology of the fresh and used clay 4.2.1
 
The surface morphology of the fresh and used clay in MWB were investigated using 

SEM. The images are given in Fig 4.7.  

 

 
 

 
 

Figure 4.7 SEM images of activated bleaching clays before and after use 

(a) Fresh clay (b) After the first use (c) After the fourth use 
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It was observed that there are important differences between fresh and used clay. As 

increasing the number of uses it was observed that morphological structure of clay 

tightens and becomes denser due to closing of the gaps. It can be said that this 

situation is caused by residual sunflower oil that holds onto the clay and contains 

impurities such as color pigments, oxidation products, soap residue, etc.  

 
On the other hand, fresh clay had a structure with densely voids between particles. It 

was also observed that the clay color changed from gray to brown depending on the 

number of uses and gradually became darker. 

 

4.3 Microwave-assisted Bleaching of Pomace Oil 
 
Bleached PO samples were separated from the clay/activated carbon by 

centrifugation and filtered under vacuum after bleaching and made ready for analysis 

(Figure 4.8). 

 

 
 

Figure 4.8 Applied physical processes after MWB 
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 Optimization of Microwave-assisted Bleaching of Olive Pomace Oil 4.3.1
 
4.3.1.1 The Central Composite Rotatable Design and Optimization 

 
4.3.1.1.1 Fitting model 
 
The experimental design and the experimental results for MWBPO are summarized 

in Table 4.9. The bleaching efficiency and the oil quality have been analyzed in 

terms of hue angle and chroma values for MWBPO, respectively.  

 
The hue angle and chroma values of MWBPO obtained in this study ranged from 

77.47 to 91.50 and 58.59 to 69.24, respectively. 

 

Table 4.9 Three factor-five level experiment design generated for MWBPO 

 

Runs       FACTORS                         RESPONSES   

 

A B C Hue Angle Chroma 

(Watt) (%) (min) Experimental Predicted Experimental Predicted 

1 78 2.81 34.93 80.34 ± 0.06 80.22 67.74 ± 0.08 68.42 
2 102 5.19 20.07 88.88 ± 0.07 88.20 64.29 ± 0.05 63.24 
3 90 4.00 27.50 84.09 ± 0.03 84.21 65.19 ± 0.04 66.71 
4 90 2.00 27.50 79.49 ± 0.04 78.19 66.24 ± 0.06 66.68 
5 102 5.19 34.93 91.50 ± 0.06 89.62 58.59 ± 0.09 59.32 
6 90 4.00 40.00 85.13 ± 0.04 85.40 66.60 ± 0.04 66.37 
7 90 4.00 15.00 81.52 ± 0.02 83.02 67.63 ± 0.03 67.05 
8 90 4.00 27.50 83.17 ± 0.03 84.21 68.93 ± 0.05 66.71 
9 110 4,00 27.50 85.42 ± 0.02 86.10 66.83 ± 0.04 65.93 

10 102 2.81 20.07 79.77 ± 0.04 81.04 69.75 ± 0.04 70.39 
11 90 4.00 27.50 85.15 ± 0.05 84.21 66.09 ± 0.05 66.71 
12 70 4.00 27.50 81.60 ± 0.04 82.33 69.24 ± 0.04 67.50 
13 90 4.00 27.50 85.93 ± 0.05 84.21 65.07 ± 0.04 66.71 
14 102 2.81 34.93 81.96 ± 0.04 82.46 67.92 ± 0.04 66.47 
15 78 5.19 34.93 85.67 ± 0.04 87.38 66.93 ± 0.04 66.30 
16 90 4.00 27.50 84.35 ± 0.03 84.21 65.15 ± 0.04 66.71 
17 90 4.00 27.50 86.00 ± 0.05 84.21 65.86 ± 0.04 66.71 
18 78 5.19 20.07 89.76 ± 0.02 86.00 62.07 ± 0.05 63.14 
19 90 6.00 27.50 87.00 ± 0.04 90.23 59.00 ± 0.06 58.85 

20 78 2.81 20.07 77.47 ± 0.04        78.80 66.09 ± 0.03 65.31 

 



47 
 

 

The multiple regressions and backward elimination were employed to get the best 

fitting statistical model for each response. Table 4.10 summarizes the ANOVA and 

regression analysis’ results for the hue angle and chroma values. The linear and 

quadratic models were determined as the best fitting model according to non-

significant lack of fit and R2 values for hue angle and chroma values, respectively.  

 

Table 4.10 ANOVA results for pomace oil responses 

 

Non-significant lack of fit indicates that the statistical model fits well with data [93, 

96]. Adequate precisions for hue angle and chroma were found as 15.46 and 14.11. 

These values were higher than 4. Therefore, it can be said that there is a good 

correlation between the estimated values and experimental data [94]. The reduced 

model created with the terms that are only statistically significant are expressed in 

Eqn. (6) and Eqn. (7) for hue angle (Y1) and chroma (Y2), respectively. 

 𝑌1 = 84.21 + 1.12𝑥𝐴 + 3.58𝑥𝐵                                                                              (6) 

                                                                                                                                                          𝑌2 = 66.71 − 2.33𝑥𝐴 − 1.24𝑥𝐴𝐵 − 1.76𝑥𝐴𝐶 − 1.39𝑥𝐵^2                                  (7)             

 

Source Sum of 
squares Df Mean Square F value p- value 

Model 
(HueAngle) 

199.04 3 66.35 21.86 < 0.0001 

A-MW power 17.09 1 17.09 5.63 0.0305 
B-Clay amount 175.11 1 175.11 57.69 < 0.0001 
C-Time 6.84 1 6.84 2.26 0.1526 
Residual  48.56 16 3.04 - - 
Lack of fit 42.38 11 3.85 3.11 0.1100 
Pure error 6.18 5 1.24 - - 
Core total 247.60 19 - -                                    - 
R2=0.81, Adj. R2=0.77, Pred. R2=0.70 Adeq Precision=15.46 
Model (Chroma) 143.12 6 23.85 12.50 < 0.0001 
A-MW power 2.94 1 2.94 1.54 0.2363 
B-Clay amount 74.04 1 74.04 38.79 < 0.0001 
C-Time 0.56 1 0.56 0.29 0.5980 
AB 12.38 1 12.38 6.49 0.0243 
AC 24.65 1 24.65 12.92 0.0033 
B2 28.55 1 28.55 14.96 0.0019 
Residual  24.81 13 1.91   
Lack of fit 13.96 8 1.75 0.80 0.6274 
Pure error 10.85 5 2.17   
Core total 167.93 19    
R2=0.85, Adj.R2=0.80, Pred. R2=0.67 Adeq Precision =14.11 
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The magnitude of coefficients for amount of clay is higher than the coefficients for 

current microwave power. Besides the magnitude of coefficients for microwave 

power is higher than the coefficients for current hue angle, chroma and other 

interactions, indicating that these parameters have a more significant effect on hue 

angle and chroma.  

 
The other parameters seem to have a linear effect on the hue angle; on the other hand 

there is a quadratic effect on the chroma. The microwave power (A) and interactions 

(AB, AC and B2) exhibit significant negative effects on the response (Y2); the 

increase of these variables results in the decrease of chroma.  

 

4.3.1.1.2 Optimization and model verification 
 

Some independent variables (A and B) were found significantly effective on the hue 

angle. On the other hand, clay amount was only found significantly effective 

(p<0.05) on the chroma. In addition, some interactions such as microwave 

power/amount of clay (AB), microwave power/time (AC) and second-order term of 

amount of clay (B2) were found significantly effective (p<0.05) on chroma.  

 
Response surface plots for chroma and hue angle value of bleached PO samples as a 

function of independent variables were shown in Fig 4.9. (a, b, c and d). B and 

interactions of AB, AC and B2 caused significantly a negative effect on the chroma.  

 
Furthermore, these variables on the chroma had a negative coefficient which means 

that these variables had reached an optimum value in the studied range. In other 

words, the increase in these values did not cause further rising in chroma after a 

certain point.  

 
Optimization of MWBPO was carried out by maximizing hue angle and chroma 

values.  In the optimum condition, the temperature started with ambient temperature 

and reached to 165 °C at the end of the bleaching without applying vacuum. 

Optimum conditions for MWBPO were found as 102 W, 20.07 min and 4.15% for 

microwave power, time and amount of clay, respectively. In these conditions the 

predicted hue angle and chroma values were 86.11 and 68.06, respectively. 
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For verification of the response values estimated as a result of the optimization, three 

independent MWBPO studies were carried out at optimum conditions and the 

average hue angle and chroma were determined as 85.28 and 67.50, respectively. 

One-way t-test showed that there was no statistically significant difference between 

the experimental data and the predicted values for all responses (p> 0.05). 

Experimental and estimated values for each response under optimum conditions are 

given in Table 4.11. 

     

 

    
 

Figure 4.9 3D response plots for chroma and hue angle values 
 



50 
 

Table 4.11 Comparison of experimental and estimated values for pomace oils 
 

     ± Standard Deviation. Data are means of triplicates. 
 
 Comparison of MWBPO with IB 4.3.2

 
4.3.2.1 Processing Conditions for MWB and IB Techniques  

 
While there was a slight decrease in the clay amount, the processing time and the 

amount of activated carbon were significantly reduced in MWBPO compared to 

IBPO.  

 
In that respect the amount of clay, bleaching time and amount of activated carbon 

were decreased by 17%, 83% and 50%, respectively, under the optimum MWBPO 

conditions, relative to those used in IBPO. The IBPO was applied to hot fed oil at a 

temperature of 100 °C for 120 min under the vacuum in industrial process while the 

oil temperature reached to 165 °C from ambient temperature during the microwave 

bleaching process in 20.07 min at a power of 102 W without vacuum. 

 

4.3.2.2 The Effects of Bleaching Processes on Color Properties 
 
The appearances of NPO, IBPO and MWBPO were presented in Fig 4.10. The color 

and color related values of NPO, IBPO and MWBPO were also given in Table 4.12.  

 
Hue angle and chroma have been followed for the prediction of color change during 

MWBPO. While hue angle represents color appearance (0°: red, 90°: yellow and 

180°: blue), chroma is defined as a measure of whiteness and vividness of color [85]. 

 

Response Experimental Predicted p value 

Hue angle 85.25 ± 0.25 86.11 0.19 

Chroma 67.50 ± 0.25 68.06 0.11 
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Figure 4.10 The appearances of olive pomace oil 

(a) Neutralized unbleached pomace oil, (b) Industrial bleached pomace oil, 

(c) microwave- assisted bleached pomace oil 

 

The hue angle and chroma values are increased in both bleaching methods compared 

to NPO. However, slightly higher hue angle and chroma values in IBPO can be 

explained by the relatively higher b* and lower a* value compared with MWBPO. 

The greenish increased with negative a* value in the IBPO. On the other hand, the 

redness decreased with MWBPO and IBPO compared with NPO. But the greenish 

did not increase in MWBPO in terms of positive a* value. Marrakchi et al. [96] were 

reported that hue angle and chroma values are found as 102 and 51 in the crude 

lampante olive oil, respectively. Hue angle and chroma values after bleaching were 

within the limits of 106-110 and 20-39 depending on the bleaching conditions.  

 
Escolar et al. [114] studied on the 107 Spanish olive oil five of which were pomace 

oil purchased from local outlets. In this study, the average of L*, a* b* and chroma 

values were found to be 94.40, -5.40, 46 and 46, respectively. Besides, Cho and Lee 

[115] presented that the average of L*, a* and b* values are 95.54, -10.71 and 35.61 

in refined pomace oil including 15-20% virgin olive oil, respectively. Our results 
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were found very different compared with other findings in the literature. These 

findings could be because of a wide range of the chlorophyll and carotenoid content 

in oil samples affected from different olive species, climatic conditions, harvest 

season, soil characteristics of cultivated regions and processing conditions. 

 

Table 4.12 Color and color related values of bleached pomace oils 

Different letters (a. b. etc.) in each line indicate statistically difference (p <0.05). Data are means of triplicates. ±: 
Standard Deviation (n=3). 
 

Chlorophyll is desired to be removed from the oils as much as possible, as it 

transforms into pheophytin, which gives a dark color to the oils, and supports 

oxidation with the effect of temperature [102, 103]. Chlorophyll destruction was 

found to be 87.93% and 95.24 in IBPO and MWBPO, respectively. According to 

these findings microwave was found to be very successful removing chlorophyll 

from NPO. On the other hand, the loss of carotenoid content was found as 85% in 

both IBPO and MWBPO. Giuliani et al. [116] was presented that chlorophyll content 

of different varieties of olive oils obtained from different countries is in a wide range 

between 2.42 and 64.10 mg/kg. Cho and Lee [115] were reported that the chlorophyll 

content was found between 5.66-8.48 mg/kg; 1.63-2.67 mg/kg and 1.03-2.66 mg/kg 

for extra virgin olive oil, pure olive oil and refined pomace oil, respectively. They 

also were expressed that carotenoid content was between 6.48-10.82 mg/kg; 1.20-

2.50 mg/kg and 1.27-2.52 mg/kg in the same oils.  

Parameters 
Before 

Bleaching 
Industrial 
Bleaching 

Microwave-Assisted 
Bleaching 

L* 13.43a ± 0.12 69.21b ± 0.49 65.21c ± 0.74 

a* 9.20a ± 0.04 -2.17b ± 0.03 4.99c ± 0.76 

b* 20.71a ± 0.11 72.22b ± 0.05 68.62c ± 0.14 

Hue angle 66.06a ± 0.09 91.72b ± 0.02 85.84c ± 0.62 

Chroma 22.76a ±0.18 72.25b ± 0.05 68.80c ± 0.20 

Chlorophyll 
(mg/kg) 

5.46a ± 0.63 0.67b ± 0.94 0.26c ± 0.51 

Carotenoid 
(mg/kg) 

1.01a ± 0.05 0.15b ± 0.02 0.14b ± 0.02 
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4.3.2.3 Effects of Bleaching Processes on Oxidation Parameters and FFA 
 
Table 4.13 summarizes the oxidation parameters and free acidity content in MWBPO 

and IBPO compared to NPO. There was a decrease in the PV of the oil in both 

bleaching methods. However, there was no significantly difference in the PV 

between MWBPO and IBPO. Besides the rate of decrease in peroxide was between 

85-91% in both methods. Jahouach et al. [117] were expressed that the PV of NPO 

was found to be 6.93 mmol/kg (13.86 meq/kg).  

 
After the bleaching process the peroxide values were found as 6.50 (13.00 meq/kg), 

6.80 (13.60 meq/kg) 5.54 (11.08 meq/kg) and 6.60 (13.20 meq/kg) mmol/kg by using 

2% different kind of clay (actisyl, tonsil, T1 and T2) for 45 min at 85-90 °C. 

According to this study the highest decrease rate in PV was obtained as 20% by 

using T1 type clay. On the other hand the highest decrease in PV could be obtained 

with the higher clay amount and at the lowest time in MWB. Bouaziz et al. [118] 

were stated that the peroxide values were found to be 3.33 and 2.68 meq/kg in 

refined olive and refined pomace oil, respectively. Bulut and Yılmaz [119] were 

reported that the PV of refined pomace oil was found as 3.49 meq/kg.  

 

Table 4.13 Oxidation parameters and FFA soap in bleached pomace oils 

Different letters (a. b. etc.) in each line indicate statistically difference (p <0.05). Data are means of triplicates. ±: 
Standard Deviation (n=3). 
 

Ortega-Garcia et al. [109] reported that during bleaching, the amount of clay should 

be in the range of 1-1.5% to reduce the PV near zero. Silva et al. [107] expressed that 

Parameters 
Before 

Bleaching 
Industrial 
Bleaching 

Microwave-

Assisted              
Bleaching 

Peroxide (meq/kg) 19.66a ± 0.83 2.61b ± 0.30 1.76b ± 0.29 

P-anisidine 11.80a ± 0.22 6.35b ± 0.09 30.87c± 0.04 

Totox 51.13a ± 1.45 11.57b ± 0.15 34.23c ± 0.33 

FFA (%) 0.09a ± 0.01 0.13a ± 0.01 0.29b ± 0.01 

K232 5.21a ± 0.03 3.83b ± 0.22 4.27c ± 0.14 

K270 1.19a ± 0.07 1.36b ± 0.02 2.97c ± 0.01 
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the PV in palm oil was reduced to near zero by using more than 1% of the acid 

activated clay. Despite the use of much higher clay than the amount of required for 

bleaching other vegetable oils, the PV of PO in both methods could not be brought to 

a value close to zero. Because crude pomace oil has generally higher PV compared 

with other vegetable oils. It has been reported in the literature that peroxides turn into 

secondary oxidation products during bleaching [106, 120]. AV increased rapidly in 

MWBPO compared with NPO. Although the PV of MWBPO was found the same 

statistically with that of IBPO, the AV of MWBPO was higher than that of IBPO. 

Despite the short duration in MWB, this may be due to the fact that vacuum is not 

applied (under open conditions to the atmosphere) and higher bleaching temperature. 

Related with this, totox value was also found higher in MWBPO than IBPO.  

 
On the other hand, K232 value decreased in both methods compared with NPO. That 

of MWBPO was slightly higher than IBPO. Besides value increased in both methods. 

Similarly, K270 value of MWBPO was higher than IBPO. However, great deals of 

oxidation products are removed from the oil during deodorization that is emphasized 

in the literature [11, 37, 99]. This difference is not at a level that will adversely affect 

oil quality. K232 and K270 values in NPO were found as 4.94 and 0.34 by Jahouach et 

al. [117], respectively. The minimum K232 and K270 values were reported as 4.40 and 

3.52 at the end of the conventional bleaching of PO by using 2% T1 clay for 45 min 

at 85-90 °C. These values are higher than MWBPO. These differences may be due to 

initial contents of impurities of NPO and the use of two times higher amount of clay 

in MWBPO.  

 
FFA is the most important determinant of the suitability and edibility of oils. 

Increase in FFA adversely affects the taste, odor and oxidative stability of oils [105].  

The increase in FFA compared to non-bleached oil is interpreted as the result of the 

leakage of trace amounts of acid in the acid activated clay into the oil [101]. 

Therefore, decreasing the amount of acid activated clay can prevent the increase of 

FFA content. While FFA increased in MWBPO, there was no significant change in 

acidity in IBPO compared to NPO. This is probably due to the reduced amount of 

clay and the short bleaching time. In addition, PO could also contain some water just 

after the neutralization process. Therefore, it is dried under vacuum to remove water 

in refinery industry prior to bleaching. However, drying process was not applied in 
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this study before bleaching, so residual water in NPO could be a possible reason of 

increased FFA.  

 

4.3.2.4 The Effects of Bleaching Processes on sterol composition and 

benzo[a]pyrene content 
 

Sterol composition and benzo[a]pyrene content of MWBO and IBPO are shown in 

Table 4.14.  

 

Table 4.14 Sterol composition and BaP content for bleached pomace oils 

 
Parameters Before 

Bleaching 
Industrial 
Bleaching 

Microwave 
Assisted Bleaching 

Sterol composition 
(%) 

   
Cholesterol 0.35a ± 0.02 0.30b ± 0.01 0.35a ± 0.02 
Brassikasterol 0.09a ± 0.02 0.05b ± 0.01 0.06b ± 0.01 
24-methylene- 
cholesterol 

0.03a ± 0.01 0.10b ± 0.01 0,06c ± 0.01 
Campesterol 3.19a ± 0.23 4.82b ± 0.35 3.18a ± 0.23 
Campestanol 
 

0.31a ± 0.02 0.22b ± 0.01 0.31a ± 0.02 
Stigmasterol 1.34a ± 0.01 3.62b ± 0.28 1.29a ± 0.10 
Δ-7-campesterol 
 

0.24a ± 0.02 0.40a ± 0.15 0.23a ± 0.02 
ß-sitosterol 
 

93.43a ± 0.56 85.17b ± 0.51 93.50a ± 0.51 
Δ7-stigmastenol 0.52a ± 0.04 3.54b ± 0.26 0.58a ± 0.05 
Δ7-avenasterol   0.50a ± 0.04 1.78b ± 0.13 0.43a ± 0.04 
Erythrodiol + uvaol 30.58a ± 3.47 21.39b ± 2.31 25.39b ± 0.01 
Total sterols (ppm) 2094a ± 347.63 2132a ± 353.93 1837a ± 304.88 
    
Benzo[a]pyrene (ppb) 7.9a ± 0.36 < 2 3.2b ± 0.15 

Total PAHs (ppb) 42.1a ± 7.37 < 10 12.2b± 0.31 
Different letters (a. b. etc.) in each line indicate statistically difference (p <0.05). Data are means of triplicates. ±: 
Standard   Deviation (n=3). 
 

 

PO contains functional components at least as much as extra virgin olive oil. 

Therefore, in recent years there has been increasing demand in PO [30]. Sterols and 

terpenic alcohols (erythrodiol and uvaol) are some of them. The major sterol 

components in PO are reported to be β-sitosterol and campesterol [121-123]. 

Agreement with these findings, the dominant sterol components in NPO and 

bleached PO were found as β-sitosterol and campesterol in this study. Except for 



56 
 

brassikasterol and 24-methylene- cholesterol, others were found statistically the same 

compared with NPO and MWBPO. Despite no statistical difference was observed 

between unbleached PO, MWBPO and IBPO when compared in terms of total sterol 

content, sterol composition in IBPO was found different compared with NPO and 

MWBPO. Boskou [124] reported that total sterol content was more or equal to 2500 

mg/kg in PO. β -sitosterol and campesterol were found also as 93% and 5% of the 

total sterol fraction, respectively. Their findings are very close to those found in this 

study. Yorulmaz [122] expressed that decreasing in sterol components were 

determined at the bleaching step for brassicasterol, campesterol, stigmasterol and β-

sitosterol. Especially reduction of β-sitosterol in MWB was found lower than 

conventional bleaching. Antonopoulos et al. [121] stated that process conditions and 

additives together with high vapor pressure and high vacuum had an impact to sterol 

removal. Therefore, higher reduction of β-sitosterol in conventional bleaching may 

be due to applied vacuum and using of higher amount of activated carbon. This 

might have caused an increase or decrease in other sterol components.  

 
Erythrodiol and uvaol are part of the unsaponifiable fraction of pomace oil. They are 

usually determined with sterol fractions. And they also have antioxidant effect on the 

microsomal membranes of rat liver with positive effects on the inflammatory process 

or in the prevention and treatment of brain tumors and other cancers [125-127]. 

Reina et al. [128] reported that the level of erythrodiol and uvaol can be used to 

determine the presence of pomace oil in virgin oil. These components decreased with 

both bleaching methods. However, there was no difference between MWBPO and 

IBPO, statistically.  

 
Drira et al. [123] expressed that erythrodiol and uvaol content increased at each 

refining processes. On the other hand, Sánchez‐Gutiérrez et al. [129] reported that 

percentage of unsaponifiable matter decreased with refining. These difference results 

from the partial decreasing on the amount of total sterols. Besides these differences 

may also be due to the removal of varying quantities of squalene in each study. 

 
Although this study did not focus on removing BaP content in PO, it was reduced 

approximately 60% in a shorter time and using the lower amount of clay and 

activated carbon by MWB compared with IBPO. On the other hand, the reduction of 

total PAHs content was found as 71%. The BaP content and total PAHs in MWBPO 
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were found slightly higher than the upper limit (2 µg/kg, 10 µg/kg for BaP and 

PAHs, respectively.) of European Union (EU) legislation (EU No 835/2011) for oils 

and fats intended for direct human consumption. 

 
Kiralan et al. [130] reported that the reduction rate of PAHs was 33% when using 3% 

bleaching earth during bleaching process. But they expressed that the percent 

decrease was enhanced to 86%, 87% and 91% by using 0.3, 0.6 and 0.9% activated 

carbon, respectively. In another study, Kiralan et al. [131] emphasized that 75% 

reduction of total PAHs content was found in olive pomace oil with pre-microwave 

application. Their study highlighted the possibility of an alternative innovative 

strategy to apply in a process to suggest a simple solution for a significant industrial 

problem. Therefore, our study may be innovative strategy both reducing PAHs 

content and bleaching process. 
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CHAPTER V 
 

CONCLUSION AND RECOMMENDATION 
 

 
In this thesis, it was aimed to perform microwave-assisted bleaching of sunflower 

and olive pomace oils. Microwave was used for the first time for bleaching in this 

study. A strategy consisting of three steps was proposed to reach the better 

microwave-assisted bleaching process. In the first step, important bleaching 

parameters were determined and optimized for SO and PO. Optimization of 

bleaching factors (microwave power, mixing time, and amount of clay /activated 

carbon) was performed by RSM to enhance the bleaching quality. The results 

indicate that all parameters were important for MWB. Optimum bleaching conditions 

for SO were found as 0.4% clay, 80 W microwave power and 8 min mixing time to 

obtain minimum totox and chroma values (23.31 and 37.66, respectively) and 

maximum hue angle value (96.91). On the other hand, bleaching conditions for PO 

were found as clay-activated carbon amount of 4.15-0.5 %, 102 W microwave power 

and 20.07 min to get maximum hue angle and chroma values (86.91 and 68.06), 

respectively. 

 
Second step was comparison study of MWB with IB. At optimum conditions of 

MWBSO, the amount of clay and bleaching time were decreased by 50% and 73%, 

respectively, relative to IBSO. On the other hand, there was a slight decrease in the 

clay amount; the processing time and the amount of activated carbon were 

significantly reduced in MWBPO compared to IB. In that respect the amount of clay, 

bleaching time and amount of activated carbon were decreased by 17%, 83% and 

50%, respectively, under the optimum MWBPO conditions, relative to IBPO.  

 
Although the tocopherol and sterol compositions of SO bleached by both methods 

were found to be similar, the totox value of microwave bleached oil was found 

slightly higher than the industrially bleached one. Chlorophyll and carotenoid content 

were also decreased in microwave bleaching for SO. Free fatty acid content of the oil
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decreased in the industrial bleaching, but it did not change in MWBSO. Removal of 

soap residues by microwave bleaching has been as successful as industrial bleaching.  

 
Totox value was also found higher in MWBPO than IBPO. On the other hand K232 

value decreased in both methods compared with NPO. K232 value of MWBPO was 

slightly higher than IBPO. Besides K270 value increased in both methods. Similarly, 

K270 value of MWBPO was higher than that of IBPO. Chlorophyll and carotenoid 

content were also decreased in microwave bleaching. Free fatty acid content of the 

PO did not change in the industrial bleaching, but it increased in MWB. Although 

sterol composition of NPO was not change with MWB except for brassikasterol and 

24-methylene- cholesterol, IBPO was found to be different statistically compared 

with MWBPO. The BaP content and total PAHs in MWBPO were slightly higher 

than the upper limit of European Union legislation for oils and fats intended for 

direct human consumption. However, the use of higher amount of activated carbon 

could be useful to decrease the content of PAH into acceptable limits of regulations. 

 
Third step includes examining the possibility of the repetitive use of bleaching clay 

because its repeated use will reduce the production cost of the oil as well as the 

environmental pollution. This step was only carried out in the clay remaining after 

bleaching of SO because NPO has a very dark color. The results presented that the 

bleaching capacity of the clay used in the microwave bleaching began to decrease in 

the second use. 

 
The results of this thesis indicated that, promising bleaching quality was obtained by 

MWB when compared to the conventional method. So, it can be concluded that 

microwave bleaching could be an alternative and advantageous method for the 

bleaching of vegetable oils. This method should be experimented on the different 

kinds of vegetable oils which have dark color by using variable clays. Further MWB 

studies also suggested to be carried out to see the performance of the technique at 

higher capacities on pilot scale. 
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