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ABSTRACT 
Vegetable oils are used in many branches of chemical industry. The processing of a product containing 
vegetable oil is frequently carried out under elevated temperatures. Higher temperature accelerates the 
auto-oxidation process which causes lower stability of oils or oil-containing products. Blending of 
different kinds of vegetable oils is a common procedure during their processing as well as in the 
production of various materials. The main goal of this work was to determine the thermo-oxidative 
stability of six pure oils and their respective binary mixtures. First part deals with stabilities of oils and 
their mixtures using differential scanning calorimetry. By means of degradation temperatures the 
relationship between thermo-oxidative behavior of oils and their mixtures was elucidated. It was 
shown that fatty acids content has only a minor influence on the oils stability. Furthermore, previous 
presumption that stable oil can increase the stability of less stable oil was not proved either. In some 
cases, the stability of prepared mixture was lower than stability of original oils. In the second part of 
this thesis, using thermogravimetry, the mechanism of pre-oxidation phase causing oil degradation 
was investigated. This technique showed the mass gain in oil samples caused by oxygen uptake and 
production of peroxides preceding the degradation. In this measurement any connection between fatty 
acid composition and mass gain was observed, nevertheless only for pure oils. Again, the additivity of 
properties causing the stability of vegetable oil mixtures was not proved.  

ABSTRAKT 
Rostlinné oleje se používají v mnoha odv�tvích chemického pr�myslu. V pr�b�hu zpracování 
konkrétního produktu, ve kterém jsou rostlinné oleje použity, dochází �asto ke zvyšování teploty. 
Vyšší teplota urychluje pr�b�h auto-oxidace, což negativn� ovliv�uje stabilitu olej� nebo výrobk� 
z nich p�ipravených. Mezidruhové mísení olej� je pom�rn� �astým jevem jak p�i samotné výrob�, tak i 
ve finálním výrobku. Cílem této práce bylo stanovit termo-oxida�ní stabilitu šesti �istých rostlinných 
olej� a jejich binárních sm�sí. První �ást práce zkoumá oleje a p�ipravené sm�si pomocí metody 
diferenciální kompenza�ní kalorimetrie. Tato metoda umožnila pochopení vztah� mezi termo-
oxida�ním chováním olej� a jejich sm�smi pomocí stanovení teplot degradace. P�ímá souvislost mezi 
obsahem mastných kyselin a stabilitou byla prokázána pouze z�ásti, stejn� tak jako p�vodní 
p�edpoklad, že p�ídavek stabiln�jšího olej zvýší stabilitu oleje mén� stabilního. V n�kolika p�ípadech 
docházelo dokonce ke snížení stability pod teplotu degradace obou �istých olej�. Ve druhé �ásti byl 
zjiš�ován mechanismus pro-oxida�ní fáze vedoucí k degradaci olej� pomocí termogravimetrie, která 
ukázala p�ír�stek hmotnosti ve vzorcích oleje zp�sobeného absorpcí kyslíku a tvorbou peroxid� 
p�edcházející degradaci. V tomto p�ípad� již bylo možné pozorovat jistou souvislost mezi obsahem 
mastných kyselin a vzr�stem hmotnosti, pouze však jen pro �isté oleje. Ani v tomto p�ípad� nebyla 
prokázána aditivita vlastností zp�sobujících stabilitu sm�sí rostlinných olej�.  

KEYWORDS 
oil mixtures, thermal analysis, differential scanning calorimetry, thermogravimetry, stability 
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sm�si olej�, diferen�ní kompenza�ní kalorimetrie, termogravimetrie, stabilita 
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1 INTRODUCTION 

Vegetable oils, both edible and inedible, represent one of the most important commodities on 
the word trade market. Annually, millions of tons are consumed either by food industry or by 
other industrial branches. During their processing they undergo many technological steps 
which can alter their primary composition and physical properties. Further, the addition of 
additives such as antioxidants is necessary since the fatty acids are relatively instable and 
readily decompose. Another option to change the stability and properties of vegetable oils is 
their mixing with other oils. However, the prediction of stabilities of prepared systems is 
complicated task since the oils are complicated mixtures of miscellaneous molecules with 
variable chemical properties. A perusal of literature shows the lack of information concerning 
the oils mixing and their final properties. Therefore, the aim of this thesis is to map the 
possibilities of evaluation of oil mixtures stabilities with respect to the properties of pure oils 
and to find out if there is a simple connection between composition and stabilities of prepared 
systems.  
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2 THEORETICAL PART 

2.1 Vegetable oils 

In order to use some oils, it is necessary to know their composition because it determines their 
properties, chemical and oxidative stability, physical properties, etc. 

Traditionally, the term “oil” is used for oilseed triacylglycerols, which are usually liquid at 
room temperature and term “fat” is used for animal triacylglycerols, which are usually solid at 
room temperature. However, “oil” is a broader term that also includes non-triacylglycerol 
materials such as petroleum oils and essence oils. [1] Fatty acids, esterified by glycerol, are 
main constituents of oils and fats. 

2.1.1 Fatty acids 

Nowadays over 1000 fatty acids are already known, but only about 20 of them are present in 
significant amounts in oils and fats. Fatty acids are, in most cases, straight chain aliphatic 
carboxylic acids. Chain length of natural fatty acids is from C4 to C22, the most common is 
chain with 18 carbons. [1], [2] 

Systematic names for fatty acid are too complicated for routinely use, so in these days 
shorter trivial names are used. These names were often given before the chemical structure 
was discovered. Trivial names come from the source of fatty acid, for example: palmitic acid 
from palm oil, oleic acid from olive oil, linoleic and linolenic acid from linseed oil. Trivial 
names are used because of the simplicity, but they do not include the information about the 
chemical structure. [1], [2] 

Fatty acids can be expressed by two numbers, which are separated by colon, e. g. oleic acid 
is formed from 18 carbons and on the 9th carbon is a double bond, thus it is possible to write 
18:1 �9. First number indicates number of carbons, second number indicates amount of 
multiple bound, and a number behind triangle says, on which carbon (counted from carboxyl 
end of fatty acid) double bond is located. But there are a different way of counting and writing 
of double bonds. Double bond position relative to the methyl end is shown as n-x or 	x, 
where x is the number of carbons from the methyl end. The position from the carboxyl group 
is signed as �x. [1], [2] 

Next important characteristic of fatty acids is their isomerism. Both acids with one 
unsaturated center and polyunsaturated acids are usually compounds with cis (Z) 

configuration.  
The melting point increases with chain length and decreases with degree of unsaturation. In 

the group of saturated fatty acids, odd chain acids have lower melting point - than adjacent 
even chain acids. In the group of unsaturated fatty acids the presence of cis-double bonds 
significantly lowers the melting point. [1] 

In nature there occur four main groups of fatty acids: 
- saturated fatty acids, 
- monounsaturated fatty acids with one double bond, 
- polyunsaturated fatty acids with several double bonds, 
- unsaturated fatty acids with triple bond and with different substituent. [3] 
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From the point of view of this work, the unsaturated fatty acids with triple bonds are not 
important, on that account in the next attention will be paid only to fatty acids belonging to 
the first three groups. 

2.1.1.1 Saturated fatty acids 

Saturated fatty acids are common constituent of natural lipids. Their chain has from 4 to 60 
carbon atoms and as a rule straight aliphatic chain with even number of carbons. In scientific 
literature is possible to find an abbreviation SFA, which comes from English and means 
Saturated Fatty Acids. [4], [5] 

Essentially, they have systematic names, derived from the number of carbons in their 
chain, but routinely trivial names are used and dominate in everyday experience. [3] 

The shortest “real” fatty acid is butyric acid with four atoms of carbon, first found in 
butter, as its name indicates. The acids longer than C8 are liquid. [4] 

Palmitic and stearic acids are the most wide spread saturated fatty acids. Palmitic acid 
(16:0) is the most abundant saturated fatty acid. It is found in fish oils, in milk and body fats. 
Among other sources of palmitic acid belong cottonseed oil, palm oil, lard, etc. [1], [4] 

2.1.1.2 Monounsaturated fatty acids 

Monounsaturated fatty acids differs each other in number of carbons and in the location of 
double bond. In scientific literature the term MUFA can be found, which comes from English 
Monounsaturated Fatty Acids. [4], [5] 

Monounsaturated fatty acids are acids that lack of two hydrogen carbons and have one 
double bound between carbons. Under ambient conditions they are fluid and semi-solid when 
refrigerated. [6] 

Most widely known MUFA is oleic acid (18:1 �9). Oleic acid is the most distributed and 
the most produced of all fatty acids. It is found in olive oil, which has a high content of oleic 
acid (72±3 %). Other sources of this fatty include different kinds of nuts as almond, 
(68±3 %); pistachio, (67±5 %); and macadamia, (57±2 %). [7] 

2.1.1.3 Polyunsaturated fatty acid 

Fatty acids with two or more double bonds are very important in human nutrition. They are 
essential fatty acids which means, that those cannot be synthesized by human body and it is 
important to supply them in nutrition. However, not only essential fatty acids belong to this 
group of fatty acids. And as in previous cases, in technical literature is possible to find the 
abbreviation PUFA, which means Polyunsaturated Fatty Acids. [3], [4], [5] 

Linoleic acid (18:2, n-6) belongs to the group of unsaturated fatty acids and has two double 
bonds (see Fig. 1). It is present in all vegetable fats and in some of them it is a major 
component. Natural sources of polyunsaturated fatty acids are soybean (45–60 %), poppy 
(~70 %), sunflower (20–70 %), and sesame (~45 %). [1] 

 

 

Fig. 1     Linoleic acid [8] 
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-linolenic acid (18:3, n-6, GLA) is not a common acid, but it is used as a dietary 
supplement and it was recognized as an one of the essential fatty acids (Fig. 2). This fatty acid 
is present in evening primrose oil (8 – 12 %), borage oil (20 – 25 %) and blackcurrant seed oil 
(15 – 17 %). [1], [7] 

 

 

Fig. 2     �-linolenic acid [9] 

2.1.2 Acylglycerols 

Fatty acids in oils and fats are esterified by glycerol. Glycerol is a systematic name for 1,2,3-
trihydroxypropan, which is a prochiral molecule. It has plane symmetry, but if the primary 
hydroxyls are esterified by different groups, the resulting molecule is chiral and exists in form 
of two enantiomers. [1] 

In scientific literature it is possible to find name glycerides, which has the same meaning as 
acylgylcerols. Partial glycerides are important for human body because of its intermediate 
task in metabolism, but triacylglycerols are the major constituent of natural fats and oils. [7] 

Monoacylglycerols 

Monoacylglycerols are fatty acid monoesters of glycerol and exist in two isomeric forms, the 
�- and �-monoglycerides. [1], [7] 

Diacylglycerols 

Diacylglycerols are fatty acids diesters of glycerol. They also exist in two isomeric 
forms. [1], [7] 

Triacylglycerols 

Triacylglycerols are fully acylated derivatives of glycerol. The fatty acids may be all different, 
or all uniform. [1], [7] 

For natural acylgylcerols it is unusual to have only one fatty acid, despite it may happen, 
e.g. triolein in olive oil or tripalmitin in palm oil. More frequently, two or three different acids 
are present in molecules of triacylglycerol. [1], [7] 

Saturated fatty acids are esterified in the first and third position as long as this position is 
available. Thus if positions are occupied, the residual fatty acids are statistically distributed on 
the free positions. In most cases the second position is esterified by unsaturated fatty 
acids. [4]  

The triacylglycerols composition is very important to estimate some physical properties of 
fats and oils. Generally the triglyceride composition can be characterized by the sum of the 
chain lengths of the fatty acids esterified on the glycerol or by the sum of double bonds of the 
whole triglyceride. [4] 
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2.2 Lipid oxidation 

Lipid oxidation in fats is a serious problem. It deteriorates the sensory quality and nutritive 
values of a product. Lipid oxidation is affected by several internal and external factors such as 
fatty acid (FA) composition, content and activity of pro- and antioxidants, irradiation, 
temperature, surface area in contact with oxygen, etc. Loss of palatability is due to the 
generation of off-flavors that arise from the breakdown of the unsaturated FA. [10], [11] 

2.2.1 Oxidation mechanism 

The oxidation mechanism is explained by invoking free-radical reactions. The high reactivity 
of the carbon double bonds in unsaturated fatty acids makes these substances primary targets 
for free radical reactions. While photo-oxidation differs from it at the initiation stage only, for 
this reason it can be treated as different form of free radical reactions. [10], [11] 
Generally, lipid oxidation is a chain reaction which includes initiation, propagation and 
termination. Oxidation process can be described by equations, where ��� denotes the lipid 
molecule. [10], [11] 

 
Initiation: 

 �����
�,  

where R-H represents a lipid and �� is a radical. 

 

Propagation: 

 �
�
���������

� 

 �����
�
��������������

�, 

where ������ is a peroxide radical, and �������	represent hydroperoxide. This level of 
auto-oxidation process could be repeated several times. [3] 

 

Termination: 

 ��
�
���� 

 �
�
������

�
�������� 

 ������
�
����������� 

Results of termination are radicals recombination products. [12] 
Oxidation is initiated by radicals e.g., hydroperoxide, hydroxide, peroxide, alcoxyl, alkyl 

etc, or by thermal or photochemical cleavage of an R-H bond. Photo-oxidation involves the 
formation of hydroperoxides in a direct reaction of singlet oxygen addition, without radical 
formation. In addition, light, particularly ultraviolet light may be involved in initiation of the 
classical free radical oxidation of lipids and catalyze other stages of the process. [10], [11] 

Hydroperoxides, which are the most important primary reactions products, may 
decompose, even at room temperatures, forming free radicals, which initiate a further 
oxidative reaction chain. Hydroperoxides of PUFA have no particular odor or flavor, but they 
transform to ketones, aldehydes and alcohols. This mixture of compounds is volatile and has 
low molecular weight (3–12 carbons) and it gives to lipid a rancid odor. Only these secondary 
oxidation products impart the rancid off-flavor to oxidized fats and oils. [10], [11] 
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2.2.2 Antioxidants 

Historically, the term antioxidant referred to any substance that hindered the reaction of a 
substance with dioxygen. Since such reactions frequently involve radicals, “antioxidant” has 
taken on a more mechanistic flavor and now generally refers to any substance which inhibits a 
free radical reaction. [13], [14] 

Antioxidants can be broadly classified by mechanism of action as primary and secondary 
antioxidants. Some antioxidants exhibit more than one mechanism of activity and often 
referred to as multiple-function antioxidants. [11] 

2.2.2.1 Primary antioxidants 

Primary antioxidants react with the peroxide radical and form peroxides and stable 
antioxidant radicals. They delay or inhibit the initiation step or interrupt the propagation step 
of auto-oxidation. Primary antioxidants do not hinder the buildup of radicals and their 
reaction with oxygen; they deactivate the aggressive peroxy radicals and convert them to 
more stable, non-radical products. Primary antioxidants are mono- or polyhydroxy phenols 
with various ring substitutions. The most commonly used primary antioxidants are synthetic 
compounds, e.g. butylated hydroxyanisol (BHA), butylated hydroxytoluene (BHT), propyl 
gallate (PG), and tertiary butylhydroquinone (TBHQ). However, a few natural components 
act as primary antioxidants too, e.g. tocopherols, carotenoids. Plant extracts with useful 
antioxidant activity include thyme, sage, myrtle, tea, and oats. Sesame oil contains its own 
antioxidant (sesamol) ant this oil is sometimes added to other oil to act as an antioxidant. [11], 
[15], [16] 

2.2.2.2 Secondary antioxidants 

Secondary antioxidants reduce hydroperoxides to alcohols. These antioxidants slow the rate 
of oxidation by several different actions, but they do not convert free radicals to more stable 
products. Secondary antioxidants can chelate pro-oxidant metals and deactivate them, 
replenish hydrogen to primary antioxidants, decompose hydroperoxides to non-radical 
species, deactive singlet oxygen, absorb ultraviolet radiation, etc. They have to be used 
together with primary antioxidants. They are often referred to as synergists because they 
promote the antioxidant activity of primary antioxidants. [11], [15] 

Secondary antioxidants act mainly through chelation of the metal ion, which promote 
initiation. Heavy metals with two or more valence states (Fe, Cu, Mn, Cr, Ni, V, Zn, Al) 
promote antioxidation by acting as catalysts of free radical reactions. These redox-active 
transition metals transfer single electrons during changes in oxidation states. Useful metal 
chelators include ethylene diamine tetra-acetic acid (EDTA), citric acid, ascorbic acid, 
ascorbyl palmitate, lecithin, phosphoric acid, and tartaric acid. [11], [15] 

The use of antioxidants is very variable. However, their application is influenced by many 
factors decreasing or increasing their effectiveness. The main reasons are incomplete 
dispersion as a result of defective mixing apparatus, inadequate concentration. It could be 
expected that if the amount of antioxidant is increased, its effectiveness would be enhanced. 
This is not case for several antioxidants, for which an optimum level of concentration exists 
above which a clear tendency towards enhanced oxidation is observed. But for other (e.g., 
BHA and BHT) this phenomenon does not arise. [17] 
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The amount of antioxidants, in which they are added to oils vary from 2 ppm to 100 ppm 
(for BHA) and from 10 ppm to 200 ppm (for BHT). �-carotene and similar substances are 
primary antioxidants, but these compounds can act as a pro-oxidant under other 
conditions. [16], [17] 

2.3 Recovery of oils and fats 

The extraction of oils and fats is a craft that has been carried out since earliest days. The 
production of oils and fats has long been associated with professions, depending on the source 
of oil and fat, for example fish and whale oil with fisherman. [4] 

Lipids are removed from lipid-containing material by several methods. Processing of oils 
and fats is really important because it has a significant influence on their final properties. The 
aim of processing is to produce undamaged products, which are free from impurities. Besides 
products the same importance it has yield, and production of low-fat residues of high 
economic value. [1], [2] 

The production method of the oils depends on the raw material. There is a problem with 
storage of oils and fats. The only one material, which can be stored without quality 
deterioration for a long period, is oilseed. The fruit delivering system is totally different 
because immediately after harvesting, degradation starts quickly to damage the oil quality. 
Therefore, these fruit are wreaked close to the place of harvest. [4] 

The quality of the oil is influenced by many factors. In the case of vegetable raw materials, 
these include seed or plant type, growth condition, pests and micro-organisms, chemical and 
weed contaminants, harvesting, storage and shipment. Thereafter, product quality of vegetable 
oil is affected by the processes of extraction, handling of the crude oil, refining, modifying, 
processing, packaging and distribution. [7] 

2.3.1 Preparation of raw materials 

Oilseeds and fruits of oil plant contain different amount of water, depending on the kind of oil 
bearing plant, for example the most allowable content of water in soya bean are 12 %. [10] 

Cleaning is the first step of oilseeds processing. Oilseeds contain different inorganic (clay, 
sand, small stones) and organic (hull, dirt) impurities after harvesting. The first step during 
processing of oilseeds is cleaning and separation of foreign bodies. Stems and leaves are 
removed through revolving reels. Sand and dirt are removed through vibrating screens and 
special “stoners” remove stones and mud balls from shelled peanuts. Cleaning of oilseeds 
before storage is optional. [1], [18] 

Dehulling and separation of hulls is important because hulls can cause abrasive damage of 
screw press, it is useful to remove them before the screw-pressing process. Another advantage 
of dehulling and separation of hulls is higher oil yield, because shells and nuts of oil seeds can 
take up sure percentage (around 1 %) of oil inside seed. [1], [2], [4], [18] 

Size reduction of oilseeds is necessary because the extraction of oils from oilseeds 
proceeds more efficiently if the seed is first flaked or ground. This promotes exposition of the 
oil to the solvent than in the whole or cracked meats. [1], [2] 
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Size reduction means adjustment of oilseeds into smaller pieces and their deformation into 
thin flakes. These processes are important because they help to increase the surface and 
decompose the plant tissues, where oil is stored. Further, it reduces screw-pressing power 
consumption, because all oilseed particles are uniformly thick which is more useful for oil 
recovering. [2], [18] 

2.3.2 Heat pretreatment 

The heat treatment applied to oilseeds is termed cooking and it facilitates the release of fat in 
the mechanical press. One reason of heat treatment is to coagulate the proteins in the walls of 
the fat cells, which causes the rupture of the walls. Second reason for heat pretreatment is that 
elevated temperature decrease the oil viscosity which simplifies the pressing of fats form solid 
particles, because fat easier flows away. [1], [18] 

Heat pretreatment of oilseeds consists of two steps. The cell wall is moistened, which 
causes loosing of mechanical strength in the first step. The content of water is decreased by 
drying, because the material must have appropriate mechanical-technical properties for 
pressing. Thus processes are included in the second step of heat pretreatment. [18] 

Cooking causes complex changes in chemical and physicochemical properties of oilseeds. 
Oil droplets have small dimensions and are distributed throughout the seed. Cooking is the 
reason of the coalescence thus small oil droplets into larger drops, which are large enough to 
flow from seed. [1], [18] 

Moisture is present in all materials and plays an important role in the cooking reaction. 
Water or steam (or both) are often used to increase moisture and to ensure proper denaturing 
or hardening of protein. It also assists in the displacement of fat from the surfaces of solid 
material, because solid have greater affinity for water than for fat. Optimum moisture depends 
on oilseed and on methods used for pressing. For different species of oilseeds the appropriate 
moisture is in the range between 2–6 %. [1] 

Moisture control is also important in solvent extraction. Generally speaking, intermediate 
moisture is necessary for efficient extraction. Optimum moisture varies with the extracted 
material. [1] 

Cooking has an impact not only on oil yield, it has also influence on the quality of both oil 
and press-cake. Adequate variations in conditions during cooking have only little effect on the 
oil color, but wide variations have more significant effect. Optimal temperatures for diverse 
oil plants are different, but approximately they oscillate around 90 °C. Moistures are also 
different; generally speaking value of moisture is around 5 %. Seeds stay on cooking 
equipment from 15 to 20 minutes. [1], [18] 
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2.3.3 Oil extraction 

First evidences of oil extraction were found around 1650 B.C. in ancient Egypt. The extracted 
oils were pressed by hands using wooden pestles and stone mortars. In 184 B.C. in Rome it 
was developed an ingenious device. This device used the animal power for the milling and 
recovering of the oil. The Roman technology was used until the eighteenth century. [19] 

In the eighteenth century, wind and water power replaced animal power. Wind or water 
mills became popular in the whole Europe; they were also used for oil extraction. Later the 
industrial revolution came and also the progress in mechanical processing of oil. People 
started to use different machines for recovering of oils, for example: hydraulic press, screw 
press, etc. Additional information can be found in following paragraphs. [19] 

2.3.3.1 Mechanical extraction 

Mechanical extraction is not as common as solvent extraction, because of relative poor oil 
yield and higher energy consumption. That is the reason of higher price of vegetable oil. 
However, there are still several reasons to prefer the mechanical extraction. One of them is 
that many customers give priority to natural oils that have not been in contact with solvent or 
chemicals. [19] 

The key factor in mechanical (or full-press) performance is application of maximal 
pressure to a thin cross section of the oleaginous material to squeeze out as much of the oil as 
possible. However, as a result, the full press is associated with formation of tremendous 
amount of heat. Therefore it is necessary to use water-cooled shafts and water- or oil-cooled 
barrels to dissipate the heat. [2] The final step is to reduce the oilseed´s moisture. If the 
moisture is too low, the material will overheat from friction generated by worm-
shaft. [2], [19] 

Pre-press extraction is an initial stage of the oil extraction process and it is the crushing of 
oil seeds, from which the oil would be extracted. Oleaginous material with oil content greater 
than 30 % tends to break down in the extractor after extraction of a large portion of the oil, 
causing poor final extraction yield and high solvent retention. The apparatus used to reduce 
the oil content of oleaginous materials prior to the solvent extraction is known as a 
prepress. [19] 

The prepress has two main functions, partially de-oiling the oleaginous material to 20 % 
oil content and producing a porous cake with adequate structural integrity to allow high 
downstream solvent extraction efficiency. [19], [20] 

2.3.3.2 Solvent extraction 

The enormous majority of all vegetable oil is extracted using solvent extraction, because this 
process has the benefit of significantly higher oil yields. The solvent used in the oilseed 
solvent extraction is commercial hexane or a mixture of hydrocarbons (e.g. methylpentane) 
boiling in the temperature between 65 °C and 70 °C. The mixture consists of 65 % n-hexane 
and 35 % of cyclopentane and hexane isomers. During process as hexane vapor is three times 
heavier than air and trivial amounts of air can make an explosive mixture. [1], [7], [19] 

The solvent extraction process consists of five steps: solvent extraction, meal 
desolventizing, meal drying and cooling, miscella distillation and solvent recovery. [7], [19] 
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Solvent extraction is carried out in solvent extractor, which is the device in which the 
vegetable oil fraction is separated from the meal fraction by dissolving the oil fraction in a 
solvent. The oleaginous material enters to the solvent extractor, which conveys material from 
its inlet to its exit. While the material is being conveyed forward, miscella (solvent and oil 
solution) is washed through the bed of material to extract out the vegetable oil. Each miscella 
wash contains lower concentration of vegetable oil. The extracted material then falls into 
extractor discharge and it is removed out of the machine. [19] 

Meal desolventizer toaster is equipment which is designed to remove solvent from the 
meal fraction. That is the way, how the solvent can be recovered. After the solvent extraction 
the material is conveyed to the meal desolventizer toaster. This machine is commonly referred 
to as DT. The material entering the DT is typically heated up to 60 °C, and contains 25–35 % 
of solvent. DT is vertical, cylindrical vessels with horizontal trays. The material is mixed and 
it is conveyed downward from tray to tray. The heat for increasing of meal temperature and 
evaporating the solvent is supplied by steam. [19] 

Meal dryer cooler, abbreviated as DC, is a machine which a primary purpose is to reduce 
the moisture in the meal and to decrease the meal temperature. The material entering the DC 
is typically 108 °C hot and contains 18–20 % moisture. DCs look very similar like DTs. They 
are also vertical, cylindrical vessels with horizontal trays. The desolventized material is mixed 
above each tray and conveyed downward from tray to tray. [19] 

Miscella distillation system is used for separation of particles of meal, because the miscella 
leaving the extractor contains inclusion particles in the concentration up to 1 %. Meal 
particles can be separated from miscella via filtration or centrifugal separation. Removing of 
particles is important because they could settle down in the distillation equipment. [19] 

Solvent recovery system includes solvent and water vapor condensation, solvent-water 
separation, stripping solvent from water and air effluent streams, as well as heating the 
solvent prior to reuse in the extractor. Solvent is removed from miscella in two step process: 
evaporation followed by steam-stripping. Evaporation is usually done in double stage 
evaporator. In the first stage, hot solvent vapors that were boiled out of the increase the 
temperature of evaporator and cause the boiling of solvent form the miscella. In the 
evaporator´s second stage, jacket steam provides heat. The oil leaves containing 
approximately 5 % of solvent. Then it enters the stripping column where the last traces of 
solvent are stripped out by live steam injected countercurrent to the oil flow. [7], [19] 

2.3.3.3 Supercritical CO2 extraction 

Supercritical fluid extraction is the operation with a fluid with conventional, liquid organic 
solvents. Supercritical fluids have higher diffusivity and lower density, viscosity and surface 
tension in comparison with conventional solvents. [21] 

CO2 is the most frequently used solvent for supercritical fluids extraction (SCFE) because 
it is a non-toxic and non-flammable agent, further because of its environmental safeness, huge 
availability, low cost at high purity, and suitability for extraction of heat labile, natural 
compounds with low volatility and polarity. When the extract is recovered in the separators, 
carbon dioxide is easily separated because of its high volatility. [21] 
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Supercritical CO2 behaves as a nonpolar, lipophilic solvent, whose extraction application is 
limited by polarity. Carbon dioxide is not flammable, cheap and abundant with moderate 
critical temperature and pressure. Because of its limited polarity it is necessary to use some 
co-solvents. That has been proposed as a method to enhance the solubility of target 
compounds and to increase the extraction selectivity, allows the operation at lower 
pressure. [21], [22]  

SCFE can be used for the extraction of active ingredients from herbs and plants with a 
better reproduction of flavor or fragrance than conventional procedures. Thermal degradation 
of labile compounds is limited due to the operation at reduced temperature; the absence of 
light and oxygen prevents oxidation reactions as well. Major disadvantage of SCFE is the 
high critical pressure of CO2. Extraction with CO2 usually takes place at pressures from 
20.670 to 103.352 kPa and temperatures of 50–80 °C, depending on the product being 
extracted. [2], [21] 

Extraction is performed by circulating supercritical CO2 through a pressurized cell filled 
with oilseed. Use of hexane is largely restricted due to safety and environmental reasons. CO2 
immediately evaporates when brought to the atmospheric condition, the oil obtained by SCFE 
is free from chemical and thermal degradation compounds from solvent residue. The oils 
obtained by SCFE are of outstanding quality and the yields are comparable with those by 
organic solvent extraction method. Therefore, the application of supercritical carbon dioxide 
is a good alternative to organic solvents, which are still frequently used in fats and oil 
processing. This is especially important for the functional food since the consumers are 
demanding “natural” products without the use of organic solvents. [2], [7], [22], [23] 

2.4 Vegetable oils used in experiments in this work 

2.4.1 Macadamia oil 

The family Proteaceae includes about 10 species of the genus Macadamia, two of them 
produce edible nuts: M. integrifolia and M. teraphylla. The major commercial species is 
M. integrifolia. [24] 

Macadamia are native to Australia and they are produced also in Hawaii. The evergreen 
macadamia tree is medium to large; height of up to 20 m and spread up to 15 m. The leaves 
are sessile and are arranged in whorls of four. The margins are more serrated, with up to 40 
spines on each side. The edible kernel is enclosed in a thick-hard shell which, in turn, is 
enclosed in a husk separated from the tree. [24], [25], [26] 

Following a prolonged flowering season, macadamia nuts mature over a long period from 
late summer until late spring. Kernels are mature when the oil accumulation is complete. 
Shortly after this time, the nuts fall to the ground and are harvested. [24] 

Not only does the macadamia nut have desirable taste and aroma, it is also nutritious, 
because nut contains no cholesterol and is low in sodium and saturated fats. Over 70 % of the 
total fatty acids in macadamia are monounsaturated fatty acids, which possibly help to reduce 
the risk of heart disease. Unsaturated fatty acid can help decrease the cholesterol level in 
blood. [27], [28] 

Oil yields from macadamia nuts range from 59 % to 78 %. Compositional studies of 
macadamia nut oil show that it is rich in oleic and palmitoleic acids. The fatty acids 
composition of the oil is reported in Table 1. [25] 
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Table 1 Fatty acids composition in macadamia oil [25] 

Fatty acid  % 
Palmitic 16:0 7.9 
Palmitoleic 16:1 17.0 
Stearic 18:0 3.3 
Oleic 18:1 (n-9) 57.7 
Linoleic 18:2 (n-6) 1.7 
Arachidic 20:0 < 1 

 
The content of an oleic acid, with traces of linoleic acid, imply that the oil would be quite 

stable to oxidative degradation. The oil is also low in saturated fatty acids and has unusual 
high content of palmitoleic acid. Fatty acid composition of macadamia oil could be a reason 
of high oxidative stability; however that effect can be described to some antioxidants such as 
vitamine E. [29] 

2.4.2  Sesame oil 

Sesame (Sesamum indicum L.) is believed to be one of the most ancient crops cultivated by 
humans. It was first mentioned as a crop in Babylon and Assyria over 4000 years ago. [30]  

Sesame seeds have higher oil content (around 50 %). Sesame oil is generally regarded as 
high-priced and high-quality oil. It is one of the most stable edible oils despite its high degree 
of unsaturation. The presence of lignin type natural antioxidants accounts for superior 
stability of sesame oil. [30] 

Sesame (Sesamum indicum. L., synonymous with Sesamum orientale L.) belongs to the 
Tubiflorae order, Pedaliaceae family. Plant Sesamum indicum is cultivated in several 
countries such as India, Sudan, China and Burma. [30], [31] 

Sesame grows in tropical and subtropical areas. Sesame indicum L. is the commonly 
cultivated species of sesame. Sesame is an annual, erected herb that may grow between 50 cm 
and 250 cm in height, depending on the variety and growing conditions. The stems may have 
branches and are quadrangular, longitudinally furrowed, and densely hairy. Sesame leaves are 
hairy on both sides and are highly variable in shape and size. [30]  

Sesame has large, white, bell-shaped flowers. The fruit of sesame is a capsule, and it is 
erect, oblong, brown or purple in color. The capsules may have four, six or eight rows of 
seeds in each capsule. Sesame seeds are small (3~4 mm long and 1.5–2 mm wide), flat, ovate, 
smooth, or reticulate. The color varies from white, yellow, gray, red, brown, to black. The oil 
drops are located in seeds. It is generally believed that the light-colored seeds with coats are 
higher in quality and in oil content than the dark-colored seeds. [30] 

Sesame seed contains high levels of fats and proteins. The chemical composition of sesame 
seeds varies with the type, origin, color, and size of the seed. The fat content of sesame seed is 
around 50 % whereas the protein content is around 25 %. [30] 

Oleic and linoleic acids represent more than 80 % of the total fatty acids in sesame oil. 
Fatty acid composition varies with the species of sesame seed. Sesame oils from the wild 
seeds are higher in saturated fatty acids than oils from cultivated sesame seeds. [30] 

Fatty acid composition of different lipid classes in sesame oil also shows variation. The 
major sesame seed lipid is the triacylglycerol, which represent nearly 90 % of the total lipid 
content. [30] 
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Table 2  Fatty acid composition in sesame oil [30] 

Fatty acid  % 
Myristic 
Palmitic 

14:0 
16:0 

0–0.1 
7.9–12.0 

Palmitoleic 
Heptadecanoic 

16:1 
17:0 

0.1–0.2 
0–0.2 

Stearic 18:0 4.8–6.1 
Oleic 18:1 (n-9) 35.9–42.3 
Linoleic 
Linolenic 

18:2 (n-6) 
18:3  

41.5–47.9 
0.3–0.4 

Arachidic 20:0 0.3–0.6 
 
Sesame oil is relatively high in unsaponificable matter (~2%). The unsaponificable matter 

includes sterols, triterpenes and triterpene alcohols, tocopherols, and sesame lignans. [30] 
Sesame oil is one of the richest sources of phytosterols. Sesame oil is well known for its 

oxidative stability; one of the reasons for this stability is attributed to its tocopherol content. 
Regardless of the species and the color of seed coat, 
-tocopherol is the predominant 
tocopherol in sesame oil, whereas -tocopherol accounted for less than 5 % of the total 
tocopherols. �-tocopherol is present in sesame oil in trace amount only. Among the different 
tocopherol isomers, 
-tocopherol is a more potent antioxidant in oils, but it has lower vitamin 
E value in biological systems than �-tocopherol. [30] 

Sesame oil possesses higher oxidative stability than other vegetable oils because of its high 
concentration of unsaturated fatty acids (more than 80 % of total fatty acids). The superior 
oxidative stability is not only attributed to the presence of tocopherols, but is mainly 
associated with the unique group of lignans. Two types of lignans existed in sesame seeds, oil 
soluble lignans and the water soluble lignin glycosides. In raw sesame seed, sesamin and 
sesamolin are two major lignans. During high temperature process, sesamolin can degrade 
into sesamol or sesamol dimmers. Initial concentration of antioxidants including sesamol or 
tocopherol in sesame oil may play crucial role or other new antioxidant compounds may be 
formed during heating treatment. [30], [32] 

Sesamin has been found in other plants, whereas sesamolin is characteristic for sesame. 
There are also other types of lignans in sesame oil such as sesamol, sesamolinol, sesaminol. 
The sesamin content in the oil (moves from 0.07 % to 0.61 %) is higher than sesamolin 
content (ranging from 0.02 % to 0.48 %). It is also noticed that the black seed types contained 
significantly less oil and a high ratio of sesamolin to sesamin. [30] 

2.4.3 Evening primrose oil 

Evening primrose is cultivated in a number of countries on account of nutritional and 
pharmaceutical properties of the oil. Evening primrose oil, a source of �-linolenic acid, has 
received much attention for its possible therapeutic effects on inflammatory and 
cardiovascular diseases. [33], [34], [35] 

Evening primrose (Oenothera biennis) is a biennial herb with erect stems reaching 90 cm 
in height and has fragrant, yellow flowers that bloom at nightfall (evenings). The plant is 
native to North America but it has been naturalized in Europe and parts of Southern 
Hemisphere. [33] 
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After pollination period (usually performed by moths), short and cylindrical capsules, 
containing many small, tiny and hairless seeds are formed. [33], [35] 

Table 3 Fatty acid composition in evening primrose oil [35] 

Fatty acid   % 
Palmitic 16:0 6.44 
Stearic 18:0 1.81 
Oleic 18:1 (n-9) 9.76 
Linoleic 18:2 (n-6) 71.20 
�-linolenic 18:3 (n-3) 0.18 

-linolenic 18:3 (n-6) 8.72 
Arachidic 20:0 0.31 

 
The main fatty acid components of evening primrose oil are shown in Table 3. Evening 

primrose oil has higher content of palmitic, stearic, oleic, �-linolenic and 
-linolenic acids. As 
with oil content, the relative composition varies with such factors such as the age of the seed, 
cultivat and growth conditions.[35] 

Because of the high degree of unsaturation of evening primrose oil and its constituents, 
care must be taken to minimise the effects of auto-oxidation. [36] 

 The oil consists of about 98 % triacylglycerols, with small amounts of other lipids and 
about 1–2 % unsaponificable matter, in which sterols and tocopherols are of some 
importance. Phospholipids comprised only 0. 05 % of the oil, with composition: 
phosphatidylcholene, phosphatidylinositol, posphatydilethanolamine, etc. [36] 

Analysis of the evening primrose oil revealed presence of 79 distinct constituents, 
including terpenes, aliphatic alcohols and aldehydes and aromatic compounds. [35] 

2.4.4 Flaxseed oil 

Flax, widely adapted to both warm and cool climates, has been cultivated for centuries in 
various parts of the world for its stem fiber, linen cloth, and seed. Linseed is an alternative 
name used for flax. [30] 

Flaxseed/linseed is the annual cultivar of Linnum usitatissimum L. Linseed as a member of 
the Linacea family that includes ten genera and more than 150 species. [30] 

The crops grown for both seed and fiber are generally called dual-purpose flax. Initially, 
the same variety was used for both oil and fiber production. Today, oil and fiber varieties are 
different and specifically designed to serve to the actual end use. Fiber varieties usually have 
longer stem, 80–120 cm tall, with fewer branches, fewer seed capsules, and smaller seeds. Oil 
type has shorter and heavily branched stems, 60–80 cm tall, with a higher number of seed 
capsules and larger seeds. [30] 

The flowers of linseed are small and blue, bluish violet or white and grow on terminal 
panicles. Fruits are capsular with five cells, each containing two seeds. Seeds are yellowish or 
blackish, brown, small, flattened, and oval with smooth shining coat. [37] 

The main components of flax oil are triacylglycerols and they usually contribute more than 
90 % of all components. The presence of chlorophyll in flax oil usually indicates immaturity 
of flaxseed. [30] 
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Fatty acid composition of flax oil is interesting because of the very high contribution of the 
�-linolenic acid (ALA), usually above 50 %. Because of the high content of ALA flaxseed 
and flax oil are often used as food supplements, where enrichment omega-3 fatty acids are 
essential. This fatty acid is susceptible to oxidation. Flax oil contains low amounts of 
saturated fatty acids (SFA). [30] 

Table 4 Fatty acid composition in flaxseed oil [30] 

Fatty acid  % 
Palmitic 16:0 5.3 
Stearic 18:0 3.3 
Oleic 18:1 (n-9) 17.9 
Linoleic 
Linolenic 

18:2 (n-6) 
18:3  

14.7 
58.7 

SFA 
MUFA 
PUFA 

 9.0 
18.1 
72.9 

 
Flaxseed oil contains also tocopherols but in small amounts. A lower content of these 

antioxidants makes this oil even more susceptible to oxidation. 
-tocopherol was found as the 
main tocopherol in flax oils. Among unique antioxidants detected in flax oils was also 
plastochromanol-8. This compound is derivative of 
-tocotrienol. Plastochromanol-8 was 
found to be a more efficient antioxidant than any tocopherols isomer. A low content of 
tocopherols in flaxseed did not make them more susceptible to oxidation. Flaxseed is also the 
richest source of plant lignans. [30] 

Linseed oil contains essential fatty acids. In comparison with other vegetable oils, linseed 
oil is distinguished by the highest content of �-linolenic acid (i.e. 26–60 %), which has been 
found as especially important for human organism. A high content of �-linolenic acid 
influences a poor oxidative stability of linseed oil. [38] 

2.4.5 Apricot kernel oil 

Apricot, Prunus armeniaca L., is a member of Rosaceae family. The centre of diversity of the 
apricot is northeastern China nearby the Russian border. Cultivation in China dates back 
3 000 years, and movement to Armenia, and then to Europe from there, was slow. In these 
days apricot is wide spread to whole world, between the top ten apricot-producing countries 
follow: Turkey, Iran, Italy, France, Pakistan, Ukraine, USA, and China… Apricot culture is 
most successful in mild, Mediterranean climates where the danger of spring frost is limited. 
[39] 

Apricots are small- to medium-sized trees. They are generally kept under 360 cm but 
capable to be higher in their native range. Leaves are elliptic to cordate; they have serrate 
margins and long, red-purple petioles. [39] 

Flowers of apricot are white. The fruit of the apricot is a drupe, about 3–6 cm wide; its 
color ranges from yellow to orange with a red blush, having a light pubescent or a nearly 
glabrous surface. [39] The fruit contains edible mesocarp and stone, which is a byproduct of 
apricot processing. The kernel in the stone contains 27–67 % oil and 20–45 % protein. [37] 
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The oil is pale yellow to yellow in color. Physical properties of apricot kernels are relevant 
for designing of the equipment used in mechanical processing. [37], [40] 

Table 5 Fatty acid composition in apricot kernel oil [40] 

 

 
As the Table 5 shows the oil is composed mainly of oleic and linoleic acids, which 

represent about 95 % of the total fatty acid, with small quantities of palmitic acid. It could be 
the reason for good results in oxidation stability. [37] 

2.4.6 Hempseed oil 

Cannabis plants have been cultivated in Europe, Asia, Africa and the Americas for hundreds, 
perhaps even thousands of years. The plant is a source of three main products – hemp fibre 
(for cloth), cannabis seeds and medicinal or narcotic preparations. Hemp fibre is obtained 
from cannabis stems, and has been used over the centuries for the production of textiles, rope 
and sacking. The “seeds” (which technically are the fruit of achene) may be roasted and 
consumed or pressed to yield greenish yellow, fixed oil. Cannabis leaves and flowering tops 
and preparations derived from them have many pharmacological effects, including narcotic 
properties. Due to this effect, its cultivation is prohibited in many countries. [41] 

Hemp (Cannabis sativa L.) belongs to the Cannabinacea family. Cannabis is an annual 
plant, propagated from seed, and grows in open sunny environments. Hemp reaches up to 5 m 
in height with erect angular stem. The female plant is usually taller than the male. Leaves of 
hemp are palmaceous divided, lower has 3–8 foliate with long petioles, upper 3–1 foliate 
passing into bracts. Fruits of Cannabis are black seeds with flattened shape. [42], [43], [44] 

Hempseed, in addition to its nutritional value, showed positive health benefits, including 
the lowering cholesterol. Hempseed contains 20–25 % protein, 20–30 % saccharides, around 
25–35 % oil and 10–15 % insoluble fibre and rich array of minerals, particularly phosphorous, 
potassium, magnesium, sulfur, etc. It is also a source of carotene. [45], [46] 

Table 6 Fatty acid composition in hempseed oil [25] 

Fatty acid  % 
Palmitic 16:0 5.8-6.7 
Palmitoleic 16:1 0.0-0.2 
Stearic 18:0 2.6-3.2 
Oleic 18:1 (n-9) 9.9-15.6 
Linoleic 
�-linolenic 

-linolenic 

18:2 (n-6) 
18:3 (n-3) 
18:3 (n-6) 

53.4-60.0 
15.1-19.4 

0.0-3.6 
Arachidic 20:0 0.8-1.0 

  

Fatty acid  % 
Palmitic 
Palmitoleic 

16:0 
16:1 

4.4 
0.1 

Stearic 18:0 0.2 
Oleic 18:1 (n-9) 69.0 
Linoleic 
Linolenic 

18:2 (n-6) 
18:3  

26.0 
0.1 
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Recent investigation of hemps seed oil reported similar findings in fatty acids composition. 
Non-refined hempseed oil extracted by cold-pressing methods varies from yellow to dark 
green and has pleasant nutty taste. The seed (and therefore extracted oil) normally does not 
contain significant amounts of psychoactive substances. Analytical data reported that oil is 
unusually high in polyunsaturated fatty acids, while its content in saturated fatty acids is 
really low. [25], [46] 

Hempseed oil is polyunsaturated. As it can be seen in Table 6, the most prevalent fatty acid 
in hempseed oil is unsaturated linoleic acid. The �-linolenic and 
-linolenic acids represent 
around 20 % of total fatty acids amount. The content of unsaturated fatty acids in hemp seed 
oil has average about 80 %. This high degree of unsaturation is the reason of its extreme 
sensitivity to oxidative rancidity, as the chemical “double-bounds” that provide such 
unsaturation are vulnerable to attack by atmospheric oxygen. This degradation further is 
accelerated also by heat or light. [46] 
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2.5 Thermal analysis 

The term Thermal analysis (TA) is frequently used to describe analytical experimental 
techniques which investigate the behavior of sample as a function of temperature. The term 

has been defined by the International Confederation of Thermal Analysis (ICTA) as a general 
term which covers a variety of techniques that record the physical and chemical changes 
occurring in a substance as a function of temperature. Thermal analysis, therefore, 
encompasses many classical techniques such as thermogravimetry (TG), differential thermal 
analysis (DTA), and differential scanning calorimetry (DSC), and the modern techniques such 
as thermomechanical analysis (TMA) as well as dynamic mechanical analysis (DMA), and 
dilatometry. [47], [48], [49] 

TA techniques are widely employed in both scientific and industrial domains. The ability 
of these techniques to characterize, quantitatively and qualitatively, a huge variety of 
materials over a considerable temperature range has been pivotal in their acceptance as 
analytical techniques. [48] 

 

Fig. 3     Block diagram of TA instrument [48] 

The advantage of TA over other analytical methods can be summarized as follows: 
- the sample can be studied over a wide temperature range using various temperature 

programs; 
- almost any physical form of sample (solid, liquid or gel) can be accommodated using a 

variety of sample vessels or attachments; 
- small amount of sample (0.1 mg–10 mg) is required; 
- the atmosphere in the vicinity of the sample can be standardized; 
- the time required to complete an experiment ranges from several minutes to several hours; 
- TA instruments are reasonably priced. [48] 
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2.5.1 Differential scanning calorimetry 

The objective of calorimetry is the measurement of heat. To measure heat means to exchange 
heat. The exchanged heat tends to effect a temperature change in a body that can be used as a 
measure of the heat exchanged, or the process of heat exchange creates a heat flow which 
leads to local temperature differences along its path which again serve as a measure of the 
flowing heat. [50] 

Calorimetry is a universal method for investigating chemical reactions and many physical 
transitions. Measuring devices in which an exactly known amount of heat is input into a 
sample, or abstracted from it, and the temperature change in the sample is measured 
(determination of the heat capacity, for example), are also referred to as calorimeters. [50] 

Differential scanning calorimetry (DSC) means the measurement of the change of the 
difference in the heat flow rate to the sample and to reference sample while they are subjected 
to a controlled temperature program. [50] 

2.5.1.1 Types of differential scanning calorimeters 

Two basic types of differential scanning calorimeters (DSCs) must be distinguished: the heat 
flux DSC and the power compensation DSC. 

They differ in the design and measuring principle. A characteristic common to both types 
of DSC is that the measured signal is proportional to heat flow rate � and not to heat as is the 
case with most of the classic calorimeters. This allows time dependences of transition to be 
observed on the basis of the �(t) curve. This fact – directly measured heat flow rates – 
enables all DSCs to solve problems arising in many fields of application. Both the heat-flux 
calorimeters and power-compensation calorimeters have their advantages and disadvantages, 
but, the end result is very similar, the two should yield the same information. [47], [50] 

 

Heat flux DSC belongs to the class of heat-exchanging calorimeters. In heat flux DSCs a 
defined exchange of the heat to be measured with environment takes place via well-defined heat 
conduction path with given thermal resistance. The primary measurement signal is a temperature 
difference; it determines the intensity of the exchange and the resulting heat flow rate � is 
proportional to it. [50]  

 

Fig. 4     Heat flux DSC [51] 
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The term heat flux differential scanning calorimeter is widely used by manufacturers to 
describe commercial quantitative DTA instruments. In quantitative DTA, the temperature 
difference between the sample and reference is measured as a function of temperature or time, 
under controlled temperature conditions. The temperature differences are proportional to the 
change in the heat-flux (energy input per unit time). Principle is simple, the sample and 
reference, in similar holders, usually flat pans, are placed on individual thermally conducting 
bases. The thermocouple junctions are attached to these bases and are thus not directly in the 
sample or reference material. [47], [48], [52] 

 
Power compensation DSC belongs to the class of heat-compensating calorimeters. The 

measuring system consists of two identical microfurnaces which are mounted inside a thermo 
stated aluminum block. The sample and reference holders are individually equipped with a 
resistance sensor, which measures the temperature of the base holder, and resistance heater. If 
a temperature difference is detected between the sample and reference, due to a phase change 
in the sample, energy is supplied until the temperature difference is less than a threshold 
value, typically < 0.01 K. The energy input per unit time is recorded as a function of 
temperature or time. [48], [50], [52] 

The temperature range of a power compensation DSC system is between 110 and 1000 K 
depending on the model. Instruments display a wide range of scanning rates on heating and 
cooling. The main advantage of the power-compensation calorimeter is that it does not require 
a calibration in that the heat is obtained directly from the electrical energy supplied to the 
sample or reference compartment and that very fast scanning rate can be obtained. [47], [48] 

 

 

Fig. 5     Power compensation DSC. S sample measuring system with sample crucible, 

microfurnace and lid, R reference sample (analogous to S), 1 heating wire, 2 

resistance thermometer. [50] 
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2.5.2 Thermogravimetry 

The thermogravimetry (TG) is a technique which has been defined by ICTAC (the 
International Confederation for Thermal Analysis and Calorimetry) as a technique in which 
the mass change of a substance is measured as a function of temperature whilst the substance 
is subjected to a controlled temperature programme. [53] 

Thermogravimetry measures the change in mass of material as a function of time at a 
determined temperature (i.e., isothermal mode), or over a temperature range using a 
predetermined heating or less frequently cooling rate. Essentially, a TG consists of a 
microbalance surrounded by a furnace. A computer records any mass gains or losses. Mass is 
plotted against function of time for isothermal studies and as a function of temperature for 
experiments at constant heating rate. Thus, this technique is very useful in monitoring heat 
stability and loss of components (e.g., oils, plasticizers, or polymers). [47], [52] 

Thermogravimetry is also widely used both in studies of degradation mechanism and for 
methods for service lifetime prediction measurements. [47] Thermogravimetry could be used 
for obtaining information of desorption, decomposition and oxidation processes. 
Thermogravimetry provides the accelerated aging experiments; information on chemical 
groups or morphological characteristics susceptible to attack, attacking agents and factors 
accelerating the deterioration. [47], [52], [53] 

2.5.3 Thermal analysis of oils 

Common methods of thermal analysis (e.g., thermogravimetry, differential scanning 
calorimetry, and differential thermal analysis) have been used for analysis of different kinds 
of oils in the past. Next pages will show only selected papers about thermal analysis and its 
using in investigation of oils. 
 
Litwinienko and Kasprzycka-Guttman in their work focused on studying thermo-oxidation 
kinetics of mustard oil. It was studied by non-isothermal DSC and it helped to determine the 
kinetic parameters of thermal oxidation. They obtained values of the first maxima of heat 
flow (and the value for second maxima too) and the point of extrapolated onset of the 
exothermic process at different heating rates. These results were used to calculate activation 
energies and Arrhenius kinetic parameters of thermal-oxidative decomposition of the oil. [12] 
 
Rudnik et al. have studied oxidative stability of linseed oil using classical method (peroxide 
value (PV)), Rancimat method based on conductometric measurements, and thermoanalytical 
methods, namely differential scanning calorimetry and thermogravimetry. They have 
investigated the effect of two antioxidants too. They compared results obtained from DSC and 
TG with these obtained by Rancimat method as well as with those based on the classical 
titration methods. They decided that results from thermal analysis correspond with those 
based on conductometric and titration measurements. [38] 
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Other Litwinienko´s work deals with auto-oxidation of unsaturated fatty acids and their esters. 
The author used a non-isothermal DSC and obtained curves were used to explanation of fat 
oxidation. He found that two main exothermic effects overlapped partially are caused by 
hydroperoxide formation (first peak) and by further oxidation of peroxides (second peak). In 
this paper, Litwinienko asserts that only start of the oxidation process is influenced by initial 
concentrations of peroxides. [54] 
 
Kasprzycka-Guttman et al., determined specific heats and kinetic parameters of thermal 
decomposition of peanut oil using differential scanning calorimeter under dynamic conditions 
based on applying different linearly programmed heating rates. Authors have envisaged the 
peanut oil because of higher contents of unsaturated fats. [55] 
 
Brazilian de Souza et al. evaluated the thermoanalytical and kinetic parameters of sunflower 
oil using thermogravimetry/derivative thermogravimetry and differential scanning 
calorimetry. Studied oil was used with and without antioxidant to determinate 
thermogravimetric profiles. They found out that thermal decomposition of sunflower oil 
occurred in three steps, which are related to the decomposition of PUFA, MUFA and 
saturated fatty acids. DSC curves show two events leading up characterization of 
polymerization and decomposition of triglycerides. The heat capacities of studied oils, 
obtained by DSC, were dependent on the composition of fatty acids. The results obtained by 
non-isothermal thermogravimetry depended on the applied antioxidant. [56]  
 
The work of Šimon et al. published a work dealing with the analysis of induction period using 
DSC. They have studied an oxidation of rapeseed and sunflower oil by DSC and Oxidograph. 
It was introduced a new method for evaluation of the parameters from non-isothermal DSC, 
based on the onset temperature dependence of onset temperature of the oxidation peak on 
heating rate. [57] 
 
Dweck and Sampaio have analyzed the thermal decomposition of commercial vegetable oils. 
They used five oils (canola, sunflower, corn, olive, and soybean oil) to determine their 
thermal properties by thermogravimetry, derivative thermogravimetry and differential thermal 
analysis. From extrapolated decomposition of TG curves, the oils with highest and lowest 
thermal stability were found. [58]  
 
The work of Tan and his co-workers compared two methods for determination of the 
oxidative stability such as differential scanning calorimetry and an oxidative stability index 
(OSI). They determined the oxidative stability of twelve oils. They obtained a good 
correlation between the oxidative induction time (obtained by analysis of DSC curves) and 
OSI values. Therefore, DSC evidently provides an appropriate way to determine the oxidative 
stability of various oils. [59] 
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Another work of Tan and Man dealt with the thermal profiles of seventeen edible oils 
evaluated by differential scanning calorimetry. With the aid of analytical techniques, namely 
gas-liquid chromatography and high-performance liquid chromatography, they determined the 
fatty acid and triacylglycerol composition. These data were used to complement the DSC 
data. They found out that the oil sample with a high degree of saturation showed DSC melting 
and crystallization profiles at higher temperature regions than the oils with high degree of 
unsaturation. [60] 
 
Next Tan and Man works reviewed recent developments in DSC useful for the determination 
of the oxidative deterioration of vegetable oils. It was shown that there exist many 
possibilities and wide variety of different applications to investigate different parameters of 
oils and fats material. [61]  
 
The work of Santos et al. compares specific heat capacities of some vegetable oils obtained by 
differential scanning calorimetry and microwave oven. It was observed that the specific heat 
capacities of oils increase as a function of the saturation of fatty acids. Therefore, it was 
discovered that the specific heat capacities of surveyed oils depend on the composition of 
fatty acids. It was concluded, DSC is helpful measurements to establish these values, being 
more rapid than the microwave oven measurement, requiring smaller amounts of sample. [62] 
 
Dyszel´s work characterizes peanuts for country of origin. This study used DSC to describe 
twenty-seven peanuts oil obtained in different worlds areas. It was discovered, that the 
different samples of the same oils can give a different results. [63] 
 
The work group of Chiavaro compared extra virgin olive oils (EVOOs) from three different 
Sicilian areas. They have used a DSC, and have compared these results with chemical 
composition of the samples. Thermal properties of three Sicilian EVOOs were evaluated upon 
cooling and related to the chemical composition. [64] 
 
Wesolowski and Ereci�ska they carried out complete analysis of forty-eight samples of 
rapeseed oils manufactured by different agricultural co-operatives. First part of testing was 
the chemical analysis such as density, refractive index, saponification, iodine and acid 
numbers. The second part of their work was devoted to thermogravimtery (TG), derivative 
thermogravimetry (DTG) and differential thermal analysis (DTA). The samples of refined 
rapeseeds oils had different both organoleptic requirements (such as transparency, 
consistency, taste and odour) and chemical characterizations (density, refractive index, 
saponification, iodine and acid numbers) and thermal characterizations. These results 
reflected their character in chemical compositions. [65]  
 
In work of Vecchio et al. was investigated the thermal decomposition of 12 monovarietal oils 
from different geographical origins by simultaneous thermogravimetry and differential 
scanning calorimetry. All extra virgin olive oils showed a multistep decomposition, which is 
correlated to the chemical composition. With analysis of chemical composition helped HPLC 
analysis. [66] 
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Santos et al. has investigated thermal stability and kinetic parameters (reaction time, 
activation energy, and frequency factor) of eight samples of edible oils using non-isothermal 
thermogravimetry/derivative thermogravimetry (TG/DTG). Obtained results indicated that 
thermal parameters were dependent on the composition of fatty acids, being influenced by the 
presence of natural and artificial antioxidants. [67] 
 
Coni et al. evaluated vegetable oil resistance to oxidation using thermogravimetric analysis. 
Fourteen oil samples were examined. They have estimated resistance to oxidation having 
measure of weight gain percent (� %) due to the oxidation capitation of oil samples during 
the oxidation. [68] 
 
Yang and his co-workers have studied thermal properties of soybean oils based polyols. By 
differential scanning calorimetry a relationship between melting point and the number-
average functionality of hydroxyl in polyols were investigated. The thermal decomposition of 
polyols was studied by thermogravimetry and derivative thermogravimetry. [69] 
   
Work of Marleen van Aardt and her team is focused on effect of antioxidant on oxidative 
stability. Thermogravimetric analysis was used to establish the oxidative stability of samples 
of edible oils (olive oil, milkfat) and triacylglycerides (triolein, triliolein). Oil resistance to 
oxidation was obtained by measuring the increase in sample mass due to the uptake of 
molecular oxygen, the temperature at maximum sample mass, and the temperature at the 
onset of oxidation. [70] 
 
Genaro and his co-workers have studied effect of biophenols on olive oil stability. Virgin 
olive oil resistance to auto-oxidation was attributed to phenolic compounds. Data showed that 
natural antioxidants addition could extend the olive oil shelf life and could protect oil form 
the decomposition. [71] 
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3 THE AIM OF THIS WORK 

The aim of this work was to investigate the thermo-oxidative stability of oils using 
combination of thermal analysis techniques such as differential scanning calorimetry (DSC) 
and thermogravimetry (TG). In the first step, the stability of pure oils and their binary 
mixtures is measured by DSC; as a measure of stability serves the temperature of degradation. 
While the stability of pure oils should reveal the efficiency of the “naturally produced oil 
mixture” to resist the thermo-oxidative attack, the combination of oils should shed light on the 
possible synergic and/or additive effects when two oils containing natural antioxidants are 
blended. TG is used as an additive technique and it is aimed to bring a deeper insight and 
understanding of processes preceding the temperature of degradation, the role of oil capacity 
to absorb the air/oxygen and its amount on the temperature of degradation.  
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4 EXPERIMENTAL PART 

4.1 Oil samples  

Samples of six oils, namely macadamia oil, sesame oil, evening primrose, flax seed oil, 
apricot kernel oil, and hemp seed oil, were obtained from M+H Company, which is a local 
distributor of chemical raw materials. The certificates of analysis were obtained from the 
provider and contained precise information about fatty acid composition and some 
characteristic of oils (see table 8 and 9). 

Table 7 Information about oil samples 

Oil Batch number Manufacturing time Expiration date 

Apricot kernel oil refined L 906293 06/2009 06/2010 

Evening primrose oil refined L 807165 06/2009 06/2010 

Hemp oil refined L 911057 10/2009 11/2010 

Linseed oil virgin L 908122 08/2009 06/2010 

Macadamia nut oil refined L 901050 01/2009 04/2010 

Sesame oil organic refined L 905182 05/2009 05/2010 

 

4.1.1 Oil binary mixtures preparation 

Two series of samples were prepared. First sample set was prepared in ratio 1:1, second 
sample set was prepared in ratio 1:3. Each mixture was prepared in amount of 10 grams, it 
means: for ratio 1:1 the weight 5 g of the first oil and 5 g of the second oil were used; for 1:3 
ratio, weight 2.5 g of the first and 7.5 g of the second oil were used. Mixtures were prepared 
in the beaker, when poured together, they were immediately stirred using a glass straw. 
Afterwards, samples were placed on shaker, and homogenized until get measured on thermal 
analysis. 

4.2 Differential scanning calorimetry (DSC) measurements 

For the measurements, the differential scanning calorimetry Shimadzu DSC60 was used. The 
calibration of furnace was carried out using fusion transition temperature of indium, tin, lead 
and zinc. Samples were placed to the open aluminum sample pans, amount was typically 
around 5 mg. The air flow rate was 25 mL per minute, heating rate was 10 °C per minute. The 
measurements were carried out from room temperature to 350 °C. Obtained results were 
analyzed by TA60 Shimadzu.  
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4.3 Thermogravimetry (TG) measurements 

Each sample was measured using thermogravimetry machine in a dynamic atmosphere of air 
25 mL per minute. For this purpose the TA Instruments Q5000IR device was used. 
Approximately 5 mg of a sample was placed in an open platinum pan and then was measured 
from room temperature to 350 °C with heating rate 3 °C per minute. Obtained results were 
analyzed by TA Universal 2000.  
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5 RESULTS AND DISCUSSION 

5.1 Differential scanning calorimetry 

The main goal of this part was to determine the stability of pure oils and their binary mixtures. 
To study stability of various materials, DSC technique has already been demonstrated as a 
powerful tool.[57] In fact, the onset temperatures were determined as indicated in Fig. 6; there 
is given a typical DSC curve, in this case obtained for apricot kernel oil. As can be seen, from 
temperature around 50 °C to 175 °C no enthalpic even occurred (small disturbance around 
50 °C was caused by the method arrangement). An increase in the signal at around 180 °C can 
be attributed to the heat evolution (exotherm) and reflects the onset of degradation. In the 
same way, all the onset temperatures, further mentioned in the text, were determined.  

In previous work, it has already been stated that this exothermic peak is related to the auto-
oxidation process of only unsaturated fatty acids present in investigated oil. [38] On the 
contrary, in another study [72] the first peak of the DSC curve was interpreted also as auto-
oxidation (formation of peroxides) of saturated fatty acids together with unsaturated ones and 
next peaks are exothermal effects of decomposition and further oxidation processes. It was 
also concluded that the attribution of the first peak to the oxidation of unsaturated compounds 
of fat has been accepted without analytical evidence because that peak was observed also for 
thermal oxidation of pure saturated fatty acids. [72] 
 

 

Fig. 6     Record of DSC measurement of apricot kernel oil 
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The onset temperature, at which the auto-oxidation process starts, is usually taken as a 
parameter, which characterizes the oxidative stability and susceptibility of oils. In the case of 
DSC measurement, i.e. at elevated temperatures, the onset can be considered as a “thermo-
oxidative” stability parameter. The higher the onset temperature is, the higher is the thermal 
stability of oil. [38] 

5.1.1 Apricot kernel oil and its mixtures 

The onset temperatures obtained by DSC for pure apricot kernel oil, evening primrose oil and 
their mixtures are shown in Fig. 7A. It can be seen that addition of more stable oil (in this 
case apricot kernel oil) increases the stability of mixtures progressively with a small 
disruption at 75 % of apricot kernel oil. The lower stability of evening primrose oil in 
comparison with apricot kernel oil is possibly caused by its composition. It contains around 
85 % of PUFA´s (75.1 % linoleic acid, 9.6 % of GLA) and only 6.1 % of oleic acid. 
Therefore, in this case it seems that PUFA´s act as antioxidants or stabilizers of the oil and/or 
mixtures.  

The stability results obtained for blends containing hempseed oil and apricot kernel oil 
(Fig. 7B) showed a slow, exponential-like increase in onset temperatures. Hempseed oil 
contains 11.3 % of oleic acid, 55.9 % of linoleic acid, 16.8 % of ALA and 4.0 % of GLA. The 
last two mentioned fatty acids are relative unstable and they are easily decomposed by 
thermal or thermo-oxidative agitation. Apricot kernel oil contains 66.5 % of oleic acid, which 
is more stable then the linolenic acid, ALA and GLA, and therefore, it seems that the addition 
of apricot kernel oil to hempseed oil makes the blends more stable. 

The blend of linseed oil and apricot kernel oil also showed a rising trend with increasing 
content of apricot kernel oil (Fig. 7C). The content of PUFA´s (namely: 15.6 % linoleic acid 
and 54.1 % arachidic acid) in linseed oil is around 70 % which indicates the potential 
instability of mixtures. Therefore, the addition of apricot kernel oil to linseed oil rises up the 
stability of mixtures, because it changes the proportion of stable vs. instable fatty acids on the 
benefit of the stable fatty acids. 

Fig. 7D shows thermo-oxidative behavior of macadamia and apricot kernel oils in 
mixtures. Macadamia onset temperature was determined around 194.3 °C, and apricot kernel 
oils around 195.5 °C. In this case the difference in the onset temperatures was not so high. 
Therefore, the curves obtained from measurements brought noteworthy and scattered results. 
Second point represents a mixture containing 25 % of macadamia and 75 % of apricot kernel 
oils. The onset temperatures decreased to the temperature 190.5 °C. On the contrary, the 
mixture 1:1 showed higher temperature than previous and mixture 1:3 decreased to the 
temperature 184.2 °C. 

In fact, both oils have relative high content of oleic acid (macadamia oil: 57.7 %, apricot 
kernel oil: 69.0 %), which is supposed to give them an excellent oxidative stability. On the 
other hand apricot kernel oil contains also 26 % of linoleic acid, which belongs to the group 
of PUFA. This experiment has showed that there is no additive effect of antioxidants in oils. It 
can be concluded that in this case the synergic effect, when different oils are mixed 
“artificially”, cause that the stability results are not necessarily predictable, i.e. there is no 
clear relationship between stability and composition. In specific concentration, the blending 
of oils even destabilizes the whole mixture.  
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Fig. 7E shows the behavior of the mixture of apricot kernel and sesame oils. For pure 
sesame oil the onset temperature was at 186.6 °C, and for pure apricot kernel oil at 195.4 °C. 
For the mixture 1:3 onset temperatures slightly increased. Mixture 1:1 has onset temperature 
above 184.0 °C. But in the case of mixture containing 75 % of apricot kernel, the onset 
temperature increased up 189.0 °C. So from the composition of mixture 1:1 the onset 
temperature increases linearly with composition. 

 

 

Fig. 7     Stabilities of apricot kernel oil and its binary oil mixtures 

Sesame oil has relative high content of oleic acid (38.3 %), but it has also higher content of 
linoleic acid (45.4 %). The apricot kernel oil has high level of oleic acid (66.5 %) and roughly 
one quarter of this oil is created by linoleic acid (25.3 %). A possible explanation for the onset 
temperature declination at ratio 1:1 is that the proportion of fatty acids is changed, the amount 
of linoleic acid was higher which evokes a decrease of onset temperature. 
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Fig. 7F shows the summary of mixtures of apricot kernel oil with other samples. Generally, 
in most cases the apricot kernel oil in mixture with other oils increases the onset temperature. 
An exception is the mixture with macadamia oil, at concentration 25:75. 

5.1.2 Evening primrose oil and its mixtures 

Figure 8 summarizes the stability of evening primrose oil with other investigated oil samples. 
Blend of evening primrose oil with apricot kernel oil, reported in Fig. 8A, has already been 
explained. 

Fig. 8B belonging to the blend of evening primrose oil and hempseed oil shows decreasing 
movement related to the increasing amount of evening primrose oil. Onset temperature for 
hempseed oil is at 171.5 °C and for evening primrose oil is at 161.5 °C. Roughly 75 % of 
hempseed oil forms PUFA (55.9 % linoleic acid, 4 % GLA, 16.8 % ALA), and 11.3 % of 
oleic acid. Evening primrose oil contains around 85 % PUFA, which causes lower stability 
and sensitivity to auto-oxidation. Addition of evening primrose oil causes a decrease of 
mixture stability. 

Fig. 8C shows the changes in the onset temperature of blends of evening primrose oil and 
linseed oil. Linseed oil contains less PUFA (around 70 %) than evening primrose oil, what 
could be reason of its higher stability. Blend containing 75 % of linseed oil has onset 
temperature around 171 °C, the next ones blend shows decreasing tendency of onset 
temperature.  

Blend of evening primrose oil and macadamia oil are reported in Fig. 8D. Addition of 
macadamia oil to evening primrose oil increases the onset temperature of the blends. 
Macadamia oil contains 18 % of palmitoleic acid, which belongs to the relatively stable fatty 
acids. Further, it has also a relative high content of oleic acid (59.7 °C), and only 2.4% of 
linoleic acid. On the other hand evening primrose oil has 75.1 % of linoleic acid and only 
6.1 % of oleic acid. Fatty acid composition of these two oils implies the thermal stability; 
macadamia oil has higher thermal stability, whereas the evening primrose oil, due its 
composition, is relatively instable.  

Fig. 8E shows thermal properties of blend containing evening primrose oil and sesame oil 
and reveals similar facts as previous figures. Evening primrose oil decreases the onset 
temperature of sesame oil. It is surprising since difference in the amount of unsaturated fatty 
acids between sesame and evening primrose oil is around 10 % (sesame oil: around 83.7 % of 
unsaturated fatty acids; evening primrose oil: around 90.8 % of unsaturated fatty acids). The 
reason for higher sesame oil stability could be explained by the presence of some lignans, 
which are naturally part of sesame oil, such as sesamol, sesamolin, some kinds of tocopherol, 
e.g. antioxidants do improve stability of oil.    

Fig. 8F summarizes how evening primrose influences the stability of other five samples. In 
all cases, evening primrose oil presence decreases the onset temperatures.  
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Fig. 8     Stabilities of evening primrose oil and its binary oil mixtures 

5.1.3 Hempseed oil and its mixtures 

Figure 9 summarizes the stabilities of oil mixtures of apricot kernel oil. Figures 9A and 9B 
are already commented in previous paragraphs. Fig. 9C illustrates the thermal stability of 
linseed oil and hempseed oil in a binary mixture. This picture shows that the onset 
temperatures of mixtures are approximately similar, regardless the mixture composition. Both 
of oils contain around 70 % of PUFA´s, but the chemical composition is different. Hempseed 
oil has around 55.9 % of linoleic acid having two double bonds. Linseed oil contains around 
54.1 % of linolenic acid, where are three double bonds. However, in mixtures their properties 
are similar, so the onset temperature does not change as much as in different mixtures. 
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Fig. 9     Stabilities of hempseed oil and its binary oil mixture 

Fig. 9D illustrates behavior of mixtures containing macadamia and hempseed oil. The 
addition of relative instable oil (hempseed oil) causes a decreasing tendency of curve. 
Hempseed oil contents 55.9 % of linoleic acid, 4.0 % of ALA and 16.8 % of GLA, which 
belongs to PUFA. These fatty acids cause the lower stability of the oil. Content of PUFA in 
macadamia oil is just 2.4 %, which gives to macadamia oil better thermo-oxidative stability. 

The onset temperature (Fig. 9E) shows almost linear decline, which depends on amount of 
hempseed oil. Hempseed oil contains around 76.7 % of polyunsaturated fatty acids, which 
gives it relative poor oxidative stability. Sesame oil contains around 45.4 % of 
polyunsaturated fatty acid, and also 38.3 % of oleic acid. The content of oleic acid gives it 
higher thermo-oxidative stability. The addition of hempseed oil increases the thermo-
oxidative stability. 
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The last frame in Fig. 9F summarizes how the addition of hempseed oil influences other 
samples. For three of them (apricot kernel oil, macadamia oil and sesame oil) hempseed oil 
decreases the onset temperature. On the other hand for the evening primrose oil hempseed oil 
increases the onset temperature. Linseed oil is almost not influenced by presence of hempseed 
oil. 

5.1.4 Linseed oil and its mixtures 

Behavior of mixtures with apricot kernel oil, evening primrose oil, hempseed oil and linseed 
oil are commented in previous chapters. In the case of mixture of macadamia oil and linseed 
oil reported in Fig. 10D, it can be seen, that the addition of linseed oil to the macadamia oil 
decreases the thermal stability of blends. It is a consequence of fatty acid composition. In 
macadamia oil, around 77.0 % of fatty acids belong to the group of MUFA (monounsaturated 
fatty acids), whereas linseed oil contains also around 70 % PUFA. In fact, PUFA are less 
stable than monounsaturated fatty acids.  

Picture Fig. 10E shows the behavior of blend consisting of linseed and sesame oils and 
indicates that addition of linseed oil to sesame oil decreases its thermal stability. Higher 
thermal stability of sesame oil is given by higher content of monounsaturated fatty acids 
(9.8 % of palmitic acid and 38.3 % oleic acid), on the other hand sesame oil contains also 
around 46 % of polyunsaturated fatty acid. Possible explanation of its higher thermo-
oxidative stability is presence of antioxidants in sesame oil. Content of PUFA in linseed oil is 
higher than in sesame oil, i.e. around 70 %. Supplement of linseed oil reduce the stability of 
sesame oil.  

Graph in Fig. 10F summarizes the influence of linseed oil on thermo-oxidative stability of 
other oils. In most cases linseed oil decreases the onset temperature of other oils. Only blend 
of hempseed and linseed oils are relative stable and regardless the ratio of mixing. 
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Fig. 10      Stabilities of linseed oil and its binary oil mixtures 

5.1.5 Macadamia oil and its mixtures 

Figures 11A-D are commented in previous chapters. Fig. 11E shows behavior of sesame 
and macadamia oils and their blends; it starts with the onset temperature of sesame oil 
(186.6 °C) and finishes with onset temperature of macadamia oil (194.2 °C). Clearly, the 
macadamia oil showed higher stability than the sesame oil. The main difference between 
macadamia and sesame oil composition are two components: palmitoleic fatty acid and 
linoleic fatty acid. Macadamia consists only from 2.4 % of linoleic acid and 18.0 % of 
palmitoleic acid. The first oil belongs to the PUFA group, which are relative instable and the 
second one belongs to monounsaturated fatty acids, which are more stable than PUFA. 
Sesame oil includes 45.4 % of linoleic acid and only 0.1 % of palmitoelic acid.  
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Fig. 11F summarizes the effect of macadamia oil on other five samples of oils. Except one 
oil, macadamia oil increases the onset temperature of prepared mixtures, i.e. increases 
thermo-oxidative stability of samples. The exception is the apricot kernel oil which shows 
higher stability than macadamia oil, accordingly macadamia oil reduces its anti-oxidative 
effect. 

 

 

Fig. 11      Stabilities of macadamia oil and its binary oil mixtures 
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5.1.6 Sesame oil and its mixtures 

Summary of all oil samples in mixtures with sesame oil (Fig. 12F) shows that sesame oil has 
the onset temperature in the middle of all determined onset temperatures. For two oils, 
macadamia and apricot kernel oils, it decreases the onset temperatures. But for the rest of 
them soybean increases their stability and therefore their onset temperatures. The onset 
temperature of sesame oil is at 186.6 °C. 

 

 

Fig. 12      Stabilities of sesame oil and its binary oil mixtures 
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5.2 Thermogravimetry 

The main goal of this part of the work was to evaluate the role of reactive atmosphere on the 
stability of pure oils and their binary mixtures by the determination of the mass gain prior to 
the degradation. For this purpose, thermogravimetry was used as described in previous works 
[68], [73]. Fig. 13 represents a typical thermogravimetric curve obtained for mixture of 
macadamia and hempseed oils in ratio 1:1. However, this figure shows the whole record 
obtained by TG measurement, for better understanding of processes occurring prior analysis, 
it was necessary to zoom it as indicated in Fig. 14. 
 

 

Fig. 13     Typical thermogravimetric curve (in this case obtained for macadamia and 

hempseed oil in ratio 1:1) 

Gain in sample mass is thought to be caused by the reaction of unsaturated fatty acids and 
oxygen. [68] Reaction rates of singlet oxygen with oleic, linoleic, and linolenic acids are 0.74, 
1.3, and 1.9�105 m/s, respectively, which is relatively proportional to number of double bonds 
in the molecules. [70] Initiation temperature and gain in mass depends on many factors 
among which the composition of oil, content of natural antioxidants, presence of transition 
metal ions (pro-oxidants), chelators and other influences should be taken into account. 
Therefore, easy explanation cannot be given for behavior of mixtures of oils. [68] 
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Fig. 14     Zoomed thermogravimetric record of for mixture of macadamia and hempseed 

oils in ratio 1:1  

5.2.1 Apricot kernel oil and its mixtures 

The mass gain obtained by TG for pure apricot and evening primrose oil and their mixtures 
are shown in Fig. 15A. The addition of apricot kernel oil to the evening primrose oil decreases 
the amount of consumed oxygen. As already mentioned, the apricot kernel oil has higher 
stability than evening primrose oil probably due to its chemical composition. Apricot kernel 
oil contains 66.5 % of oleic acid, and 25.3 % of linoleic acid. As mentioned above, reaction 
rate of oxygen with oleic acid is two times slower than for linoleic acid. Therefore evening 
primrose oil, which contains only 6.1 % of oleic acid and 75.1 % of linoleic acids, reacts 
easier with oxygen bringing about the increase in mass of the sample. 

The mass gain results obtained for blends containing hempseed and apricot kernel oil 
showed decreasing tendency as well (Fig. 15B). Hempseed oil contains around 75 % of PUFA 
(namely 55.9 % oleic acid, 16.8 % ALA, 4.0 % GLA). Apricot kernel oil contains 66.5 % of 
oleic acid, which is more stable to reaction with oxygen and therefore the addition of 
hempseed oil to apricot kernel oil makes the blends less stable. 

Fig. 15C shows thermo-oxidative behavior of blends containing linseed and apricot kernel 
oils. Generally speaking apricot kernel oil is more stable oil than the linseed oil due to the 
higher content of more stable fatty acids. Therefore the addition of apricot kernel to the 
linseed oil increases the stability of linseed oil. On the other hand, thermogravimetry 
measurement shows that in the case of ratio 1:1, the amount of consumed oxygen rises up. 
The reason is probably in the changes in proportion of fatty acids in the mixture.  
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Fig. 15      Stabilities of apricot kernel oil and its binary oil mixtures 

In the case of blends of macadamia and apricot kernel oil (Fig. 15D), which are the two 
most stable one oils, the difference in amount of consumed oxygen is not so high. Both of 
these oils have higher content of oleic acid (apricot kernel oil 66.5 %, macadamia oil 59.7 %), 
but the apricot kernel oil contains also 25.3 % of linoleic acid which could be the reason for 
the higher mass gain in the case of apricot kernel oil. 

The mass gain obtained for mixtures of apricot kernel and sesame oil are reported in 
Fig. 15E. Sesame oil has relative high content of oleic acid (around 38 %), on the other hand 
the presence of linoleic acid in amount 45.5 % is supposed to decrease the stability. The 
thermogravimetric measurements show that sesame oil is the less stable one in this pair of 
oils. 

Fig. 15F shows a summary of thermo-oxidative behavior of apricot kernel oil mixtures. For 
macadamia oil it decreases their stability while for the rest vice versa.  
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5.2.2 Evening primrose oil and its mixtures 

Fig. 16A reports the behavior of pure evening primrose and apricot kernel oils and their 
mixtures, the description and discussion of their behavior is reported in previous chapter. 

 

 

Fig. 16      Stabilities of evening primrose oil and its binary oil mixtures 

Gain in masses of evening primrose and hempseed oils and their mixtures are given in 
Fig. 16B. Both evening primrose and hempseed oil have relative high content of 
polyunsaturated fatty acids (evening primrose around 85 % PUFA, hempseed around 75 % 
PUFA). Although the difference in the proportion of PUFA in both samples is not high, 
evening oil uptakes more oxygen than hempseed oil.  

Thermo-oxidative behavior of blends containing linseed and evening primrose oils is 
shown in Fig. 16C. Linseed oil has higher consumption of oxygen than evening primrose oil. 
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Again, the key factor is in fatty acid composition. Linseed oil includes 15.6 % of linoleic acid 
and the content of the same fatty acid in evening primrose oil is 75.1 %, and 54.1 % of 
arachidic acid.  This acid belongs to the PUFA group and in its molecule there are three 
double bounds. There exists a presumption [70], which says than the more double bonds in 
fatty acids molecule the higher probability to thermo-oxidative instability. For this reason 
linseed oil belongs to the less stable oils. 

Fig. 16D, gives the results of evening primrose and macadamia oil. Possible explanation of 
obtained shape is in the proportion of fatty acids in mixtures. Evening primrose contains 
around 85 % PUFA, macadamia oil only 2.4 % (linoleic acid). Therefore, the addition of 
macadamia to the evening primrose oil lowers mass gain. Macadamia oil increases the 
stability of evening primrose oil. 

Fig. 16E shows that sesame oil has lower consumption of oxygen than evening primrose 
oil. Sesame oil influences the behavior of mixtures, it shifts the oxygen consumption to higher 
values. 

Fig. 16F summarizes the influences of evening primrose oil on oxygen uptake of other 
samples. Only for linseed oil the addition of evening primrose oil shifts blend stabilities 
higher. For the rest of them the addition of evening primrose oil declines the stability. 

5.2.3 Hempseed oil and its mixtures 

The results given in Fig. 17A and Fig. 17B are already commented in previous chapters. 
Fig. 17C shows the thermo-oxidative behavior of blends, which contain hempseed and linseed 
oil in different proportion. Both of these oils contain around 70 % of PUFA, but the main 
difference is in the substitution of these fatty acids. Hempseed oil contains around 55 % of 
linoleic acid, linseed oil contains 15.6 % of this acid. However the main difference is that, 
linseed oil includes 54.1 % of linolenic acid, which has three double bonds in its molecule. 
Therefore the linseed oil has lower stability than hempseed oil. Presence of linseed oil in 
mixture decreases the thermal stability. 

Macadamia oil decreases gain mass of blends with hempseed oil, as given in Fig. 17D. 
Composition of macadamia fatty acids is following: 18.0 % of palmitoleic acid, 59.7 % of 
oleic acid, 2.4 % of linolenic acid. It means that macadamia oil contains around 77 % of 
monounsaturated fatty acids (MUFA). Hempseed oil includes around 77 % of polyunsaturated 
fatty acids (PUFA). MUFA´s are more stable than PUFA´s and thus the mass gain is lower. 

Next frame (Fig. 17E) reports the behavior of sesame and hempseed oil in mixtures. Both 
of these oils have certain content of PUFA, which is higher in hempseed oil (76.7 %). Sesame 
oil includes around 45 % of PUFA, but also 38.3 % of oleic acid. The latter is a 
monounsaturated fatty acid, therefore it is more stable than PUFA. 

Fig. 17F summarizes the influence of hempseed oil on the stability of other samples. In 
most cases, the presence of hempseed oil decreases the thermo-oxidative stability of mixtures 
with other samples. 
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Fig. 17      Stabilities of hempseed oil and its binary oil mixtures  

5.2.4 Linseed oil and its mixtures  

Results which are shown in Fig. 18A, Fig. 18B, and Fig. 18C are already commented in 
respective chapters. In Fig. 18D there are shown differences of consumed amount of oxygen 
for blends prepared from linseed and macadamia oils. Presence of linseed oil in macadamia 
increases the mass gain. The reason seems to be in the fatty acids composition. Linseed oil 
includes around 70 % of PUFA; macadamia oil contains around 77 % of MUFA. As 
mentioned above, MUFA´s are more stable than PUFA and uptakes less amount of oxygen.  
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Fig. 18      Stabilities of linseed oil and its binary oil mixtures 

Gain in sample mass in the case of blends consisting of linseed and sesame oil is again 
connected with fatty acids composition (Fig. 18E). Sesame oil contains both MUFA (48.1 %) 
and PUFA (46.0 %) approximately in proportion of 1:1. Of course linseed oil contains also 
MUFA, but only in small amount (25.8 %), and PUFA (around 70 %). Therefore, the addition 
of sesame to linseed oil decreases the amount of consumed oxygen.  

Last frame in Fig. 18 summarizes the influence of linseed oil on the other oils. In all cases 
the presence of linseed oil has negative effect on amount of consumed oxygen. It means that 
linseed oil has relative low stability and its addition to other oils make the mixtures less 
stable.  
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5.2.5 Macadamia oil and its mixtures 

The behavior of mixtures with apricot kernel oil, evening primrose oil, hempseed oil, and 
linseed oil are explained in previous chapters. Thermo-oxidative behavior of macadamia and 
sesame oil and their blends is shown in Fig. 19E. Both of this oil belongs to the group of 
stable oils. Although sesame oil contains 46.0 % PUFA (linoleic and linolenic acid), the 
presence of its lignans (such as sesamol, sesamolin, etc.) gives it higher resistance to the auto-
oxidation. Therefore mixtures of sesame and macadamia oil are stable which is reflected in 
low oxygen uptake. 

 

 

Fig. 19     Stabilities of macadamia oil and its binary mixtures 
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Fig. 19F summarizes the results regarding the stabilities of five oils with macadamia oil. 
The thermogravimetric measurements have proved that macadamia oil is the most stable oil in 
sample. It is connected with increasing of thermo-oxidative stability of other samples. 

5.2.6 Sesame oil and its mixtures  

 

Fig. 20      Stabilities of sesame oil and its binary mixtures 

The thermo-oxidative behavior of mixtures of sesame and other oils are commented in 
previous chapters. The last frame from Fig. 19F summarizes behavior of mixtures with 
sesame oil. For most of them, the addition of sesame oil causes that the resistance to oxygen 
is higher, than in case of pure oil. However there is one exception for macadamia oil. 
Macadamia oil has proved its better resistance to oxygen. 
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5.3 Further comment on results  

The results obtained from both of TA techniques (DSC and TG) were correlated and results 
for pure oils are shown in Fig. 21. The picture shows that there is a certain relationship 
between onset temperatures and mass changes. As it can be seen, points can be fitted by a 
linear curve. Generally speaking the higher is the mass gain the lower is the onset 
temperature. It can suggest the connection between fatty acids composition and thermo-
oxidative stability of researched oils. However one point, which belongs to evening primrose 
oil, does not fit to this regression which indicates a different mechanism of degradation of this 
oil in comparison with others.  

Similar charts were made for oil mixtures. Again the effort was paid to find some 
mathematical dependence between onset temperatures obtained from DSC and mass gain 
from TG. The graph in Fig. 22A shows the dependence of these two parameters for mixtures 
in ratio 1:1. From figure it is obvious that points are scattered and no simple mathematical 
equation can be used for fitting. Fig. 22B reports the same approach for oil mixtures prepared 
in ratio 1:3. Again no apparent relationship appeared.  

Those analyses indicate the lack of additivity of oil properties when mixed in the binary 
system. A possible explanation is that after mixing, some new interactions between fatty acids 
in mixture can appear which changes the mechanism of degradation processes and shift the 
thermo-oxidative stability in an unpredictable way.  

 

 

Fig. 21      Correlation between DSC onset temperatures and TG mass gains for pure oils 
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Fig. 22      Correlation between DSC onset temperatures and TG mass gains for oil 

mixtures, (A) for 1:1 and (B) 1:3 mixtures. 
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6 CONCLUSION 

In this work the thermo-oxidative stabilities of pure vegetable oils and their binary mixtures 
were tested for their thermo-oxidative stability and mechanism of pre-oxidation stage. For this 
purpose, methods of thermal analysis such as differential scanning calorimetry and 
thermogravimetry were used. DSC was used to determine the onset temperatures of 
degradation, whereas TG was employed to assess the oxygen uptake in pre-oxidation stage. 

DSC analysis of pure oils and their mixtures revealed that the onset temperatures are 
associated with oil composition only partly. It was shown that thermo-oxidative stability 
cannot be simply predicted since no obvious trend in onset temperatures values was observed. 
It is likely that stability of oil mixtures does not follow additive principles. Instead some 
synergic effects, possibly caused by additional formation of unspecific weak interactions, play 
important role in oil mixtures stabilization. 

TG was used as an additive technique to elucidate the processes preceding the degradation 
onset monitored by DSC. The TG records brought about an increase in mass of the sample 
prior to degradation which was attributed to the oxygen uptake together with formation of 
peroxides. Again also in this case no obvious trend in oxygen uptake was observed which 
hampers the prediction of this parameter when two vegetable oils are mixed together.  

The combination above mentioned approaches showed a relationship between DSC and 
TG results for pure oils. On the contrary no obvious connection was discovered for prepared 
oil binary mixtures.  

The overall aim of this work was to find a simple and easy way how to predict stability of 
binary oil mixtures when the stabilities of pure oils are known. The results obtained in this 
work clearly showed that the processes of degradation of binary mixtures do not follow the 
same principles as for pure oils and the unknown and unpredictable (yet) synergic effects 
must be taken into account. This is a great challenge for next researchers. 
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8 LIST OF ABBREVIATIONS 

ALA �-linolenic acid 
BHA butylated hydroxyanisol 
BHT butylated hydroxytoluene 
DC dryer cooler 
DMA  dynamic mechanical analysis 
DSC  differential scanning calorimetry 
DT desolventizer toaster 
DTA differenital thermal analysis 
EDTA ethylene diamine tetraacetate  
EVOO extra virgin olive oil 
FA fatty acid 
GLA 
-linolenic acid 
ICTA International confederation of thermal analysis 
MUFA monounsaturated fatty acid 
OSI oxidative stability index 
PG propyl gallate 
ppm parts per milion 
PUFA polyunsaturated fatty acid 
SCFE supercritical fluids extraction 
SFA saturated fatty acid 
TA thermal analysis 
TBHQ tert-butylhydroquinone 
TG thermogravimetry 
TGA thermogravimetry analysis 
TMA thermomechanical analysis 


