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1. Introduction 

Fats and oils are important ingredients in the human diet for nutritional and sensory 
contributions. The terms fats and oils commonly refer to their phase being solid and liquid, 
respectively. In addition, lipids are the main ingredients to manufacture various products, 
such as soups, butter, ready to eat food, among others for the food industry and other 
products, such as lipstick, creams, etc, for the cosmetic and pharmaceutical industries. Most 
of these products use vegetable oils from seeds, beans, and nuts, which are important due to 
their high content in polyunsaturated fatty acids compared to animal fats. However, 
oxidation of unsaturated fatty acids is the main reaction responsible for the lipid 
degradation, which is related to the final quality of the product. Furthermore, lipids 
undergo oxidation, developing unpleasant taste, off flavour and undesirable changes in 
quality, decreasing the nutritional value of the product and compromising safety of the 
product that might even affect health and well-being. 

In general, oxygen reacts with the double bonds present in lipids, following a free radical 
mechanism, known as autooxidation. This reaction is quite complex and depends on the 
lipid type used and the processing conditions. The use of thermal processes, such as frying, 
sterilization, hydrolysis, etc, accelerate the oxidation of lipids. Various different reactions 
during lipid oxidation occur simultaneously at different rates. These reactions release heat 
that can be measured using differential scanning calorimetry (DSC).  

Oxidation temperatures and kinetic parameters obtained from DSC can be used to rank and 
classify lipids in terms of their oxidative stability. Therefore, the reproducibility of oxidation 
experiments is crucial to evaluate the oxidative stability of lipids using DSC since variables, 
such as pre-treatment and amount of sample, the heating protocol, among others, strongly 
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influence the results. Other methods that assess the extent of oxidative deterioration are 
peroxide value (PV) that measures volumetrically the concentration of hydroperoxides, 
anisidine value (AV), spectrophotometric measurements in the UV region and gas 
chromatography (GC) analysis for volatile compounds [1-3]. Over the years, thousands of 
studies have focused on monitoring and evaluating the oxidation of lipids using the 
Rancimat method, PV, AV, spectrophotometric and GC analysis of fats and oils from 
various sources. However, it is beyond the scope of this chapter to provide a comprehensive 
listing of all research using those methods. Comprehensive reviews on the oxidative lipid 
deterioration using those methods are well discussed somewhere else [4-6]. 

Among all these methods that measure the extent of lipid oxidation, DSC is widely used as 
an analytical, diagnostic and research tool from which relevant information, such as onset 
temperature of oxidation (Ton), height, shape and position of peaks are obtained and used 
for subsequent kinetic calculations. Kinetic information of lipid oxidation has been reported 
for a number of lipid systems, such as soybean/anhydrous milk fat blends, unsaturated fatty 
acids (oleic, linoleic, and linolenic acids), saturated fatty acids (lauric, myristic, palmitic, and 
stearic acids), “natural” vegetable oils (canola, corn, cottonseed, and soybean oils) and 
genetically modified vegetable oils.  

This chapter focuses on the principles of lipid oxidation, the use of DSC technique to 
evaluate lipid oxidation, and recent studies on oxidative stability of fats and oils for food 
and industrial applications, addressing the generation and analysis of DSC thermograms for 
kinetic studies, where a method to analyse DSC data is described in detail, as well as the 
interpretation of kinetic parameters obtained at isothermal and non-isothermal conditions. 
In addition, some results on oxidation kinetics of milk fat after the use of traditional and 
emerging technologies, such as enzymatic hydrolysis and pressure assisted thermal 
processing are discussed in detail. Finally, conclusions on lipid oxidation analysis by DSC 
are provided.   

2. Fundamentals of lipid oxidation 

Lipid oxidation is a free radical chain reaction that leads to the development of unpleasant 
flavour and taste, loss of nutrients and formation of toxic compounds [7, 8]. Consequently, 
the shelf life and the final use of any lipid depend on its resistance to oxidation or oxidative 
stability [9]. The term lipid oxidation usually refers to a three consecutive reactions or 
stages, known as initiation, propagation and termination (Figure 1). In the initiation stage, 
free radicals are formed through thermolysis, where the break of covalent bonds is induced 
by heat. In addition, free radicals can also be formed due to the presence of enzymes, light, 
metal ions (Ca2+ and Fe3+) and reactive oxygen species. A list of initiators of lipid oxidation 
and their standard reduction potentials are provided somewhere else [10]. Compounds that 
homolyze at relative low temperature (<100˚C) are important initiators of radical-based 
chain reactions. Unsaturated fatty acids are compounds that homolyze at lower 
temperatures compare to saturated fatty acids. The homolytic products of unsaturated fatty 
acids are hydroxyl radical (HO�), alkyl radical (RO�) and hydroperoxyl radical (HOO�), 
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which further reacts with triplet oxygen to form peroxyl radicals. Among the starters, 
hydroxyl radicals are mainly responsible for the initiation of lipid oxidation due to its strong 
tendency to acquire electrons [10]. These radical products that have high energy, bond to a 
hydrogen molecule from the lipid structure, forming hydroperoxides (primary oxidation 
products). The formation of hydroperoxides can be repeated several times, propagating the 
oxidation reactions. Conjugated fatty acids have more than one type of primary oxidation 
products and more than one oxidation pathway, as previously reported [11, 12]. A kinetic 
analysis on autoxidation of methyl-conjugated linoleate showed that monomeric and cyclic 
peroxides are the major primary oxidation products rather than hydroperoxides [12]. 
Consequently, addition by Diels Alder-type reaction was earlier suggested as a reaction 
mechanism.  

The next oxidation stage is the propagation, which consists in the further degradation of 
hydroperoxides or any other primary oxidation product [1]. There are mainly two types of 
degradation products from hydroperoxides. First, hydroperoxides interact with double 
bonds to form monomeric degradation products, such as ketones. The reaction occurs 
through the reduction of the hydroperoxyl group to hydroxyl derivative. Second, low 
molecular weight products, that results from the cleavage of the hydroperoxide chain, form 
aldehydes, ketones, alcohols and hydrocarbons. These low molecular weight compounds 
are responsible for the rancid and off-flavour produced by oxidized fats [1-4]. Finally, 
hydroperoxides and primary oxidation products homolyze to form peroxyl or alkoxy 
radicals that further reacts to form stable dimer-like products. In addition, alcohols, and 
unsaturated fatty acids (secondary oxidation products) also lead to termination products. 
The resulting compounds form viscous materials through polymerization as the oxidation 
proceeds. These polymers are oil insoluble and represent the termination stage of oxidation 
[2, 15].  

 
Figure 1. Main lipid oxidation reactions. 
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3. Fundamentals on the use of DSC to study lipid oxidation 

The oxidation mechanisms presented in Figure 1 is an oversimplification because lipids 
consist of a non-homogeneous mixture of fatty acids. For example, anhydrous milk fat 
(AMF) is composed of more than 400 fatty acids with extremely diverse chain lengths, 
position and number of unsaturations of their fatty acids [13, 14]. Consequently, several 
reactions occur simultaneously at different rates as the oxidation proceeds. Although several 
methods have been used to analyze and monitor lipid oxidation [1], the oxidation reactions 
cannot be measured by a single method due to their complexity. Some of the available 
methods allow quantifying one or more reaction products of the different oxidation stages. 
Methods, such as oxidative stability index (OSI) and peroxide value (PV) are officially 
accepted by the American of Analytical Communities (AOAC) [1-6], while other methods 
are routinely used, such as the Racimat, chemilominescent, and volumetric methods [16].  

An important overlooked characteristic of the oxidation reactions of lipids is the exothermal 
effect as the oxidation occurs. The released heat from a particular reaction can be measured 
using DSC in either isothermal or non-isothermal mode. For DSC oxidation measurements, 
the heat released from the oxidized oil is compared to the heat flowing from an inert 
reference (empty pan) both heated at the same rate. When the oxidation of the sample 
occurs, the recorded heat shows a peak which area is proportional to the amount of heat 
released by the sample. Figure 2 shows an ideal thermogram for the non-isothermal oil 
oxidation with the three consecutive reaction stages of initiation, propagation and 
termination.  

The heat released by the oxidized oil is recorded as the heat flow signal (y-axis) as a function 
of temperature (x-axis). The period of time where no change in the heat flow signal occurs is 
known as the induction time (Figure 2) that is exemplified at the beginning of the 
thermogram. An excellent review on the theory and application of induction time is 
provided elsewhere [17]. The length of the induction time is often considered as a 
measurement of oil stability. During this period, no chemical reaction occurs. At the point in  

 
Figure 2. Ideal thermogram of non-isothermal oil oxidation. 
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which the heat flow signal separates from the baseline (straight line) is considered to be the 
end of the induction time (arrow (1)). Arrow (1) also indicates the start of oxidation or 
initiation stage. This stage is short and can be theoretically interpreted as the reaction 
between the radical, formed during the induction time, and the unsaturated fatty acid. The 
products of this reaction are unstable hydroperoxides that further react propagating the 
oxidation. A sudden increase in the heat flow signal is related to the propagation stage. The 
blue dashed lines illustrate oxidation reactions that occur and cannot be detected by the 
DSC because they are less exothermal. Finally, arrow (2) illustrates the termination stage, 
where stable products are formed. The red line is the actual heat flow recorded by the DSC. 

In the next section, a set of recommended guidelines and laboratory practices are reviewed 
for the good use and analysis of data using DSC.  

4. Important considerations for measurement of lipid oxidation using 

DSC  

Although DSC is a simple, convenient and fast technique to measure lipid oxidation, some 
recommended guidelines should be considered to obtain reliable and reproducible results. 
Among those guidelines are the pre-treatment and sample preparation, amount of sample 
used, heating protocol, gas flow rate, and interpretation of DSC thermograms.  

Sample pre-treatment – a representative amount of lipid sample should be used for DSC 
oxidation measurements. The lipid should be melted at a temperature that ensures that its 
thermal memory is erased. The melting temperature for lipids is quite diverse, ranging from 
-25 to 80˚C. Melting temperatures of some vegetable oils are provided elsewhere [18]. In 
some lipid-based products, the pre-treatment of sample involves the fat extraction from the 
food matrix. For example, fat from commercial baby formulas was first extracted with 
chloroform [19], and then the fat was further dried under vacuum. Therefore, the behavior 
of these extracted fats might be different from the fat in the original matrix. In addition, a 
proper chemical description of any pre-treatment must be provided together with the 
thermal history.  

Sample preparation – a liquid sample should be loaded into the DSC pan using a syringe or a 
Pasteur pipette. The lipid oxidation measured by DSC can be conducted in an open 
aluminum pan or in a hermetic sealed pan with a pinhole (Figure 3). The main difference 
between an open pan and a sealed pan with a pinhole is the diffusion of oxygen and the 
amount of oxygen that is in contact with the sample. This is because the thermal 
conductivity of the air is smaller than that of the metal of the pan. Indeed, numerical 
simulations showed that the energy transmitted to the sample comes from the plate, which 
transmits the heat to the pan [20].    

A comparison of glycerol oxidation obtained in an open pan and a hermetic sealed pan with 
a pinhole was earlier reported [21]. For experiments conducted in an open pan, the 
maximum heat flow temperature of oxidation of glycerol was around 40˚C lower than those 
obtained with sealed pans. In an open pan, the vapor produced during lipid oxidation 
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Figure 3. Illustrations of common DSC pans: (a) hermetically sealed pan with a pinhole, and (b) an 
open aluminium pan. 

leaves the pan as it is formed. This is because the purge of oxygen acts as a carrier of the 
vapor. Consequently, part of the mass is lost before reaching the temperature at which the 
oxidation starts. On the other hand, in a sealed pan with a pinhole, the vapor produced 
cannot escape from the pan, remaining in the oil. This vapor increases the pressure inside 
the pan and elevates the oxidation temperature. Contradictory results were reported for the 
melting temperature of benzoic acid and vanillin obtained in an open pan and a sealed pan 
with a pinhole [22]. No significant differences were observed in the onset temperature (Ton) 
and the peak maximum temperature (Tp). Unfortunately, studies with a direct comparison 
between the types of pans (open and sealed with a pinhole) for oxidation of are scarce in the 
literature. Indeed, the international organization for standardization does not specify the 
types of pans for the determination of oxidation induction time [23]. Although hermetic 
sealed pans with a pinhole have an additional cost to each experimental run, their use 
avoids contamination of the DSC chamber.  

Sample size – the amount of sample has significant effect on the shape of the thermogram 
and reproducibility of the DSC oxidation experiments as it is related to heat transfer within 
the pan. Figure 4 illustrates the effect of the amount of sample in hermetic sealed pans with 
a pinhole. For the sample with an optimum sample thickness (Figure 4a), the oil is in contact 
with excess of oxygen, facilitating oxygen diffusion within the oil sample. An earlier study 
[7] recommended 1 mm of sample thickness (approximately 1.5 mg of oil) to yield consistent 
results in non-isothermal oil oxidation. Similarly, no changes on the DSC thermograms 
using samples between 1 to 4 mg were reported [24]. A ratio of 1:3 (oil:oxygen) not only 
avoids diffusional limitations [6, 7, 25] but also allows the vapor molecules formed during 
the oxidation reaction to rapidly escape from the pan [26]. This enhances the baseline and 
the resolution of the oxidation thermogram [27].  

On the other hand, an excess of sample (Figure 4b) creates a temperature gradient within the 
sample, especially at high heating rates [27]. Also, the diffusion of oxygen is limited, which 
broader the DSC oxidation curves. This is illustrated in Figure 5 where samples of 3 and 13 
mg of anhydrous milk fat (AMF) were oxidized at 12˚C/min from 100 to 250˚C. Interestingly, 
the Ton of oxidation is quite similar between samples (181.12 and 179.33˚C, respectively). But, 
the use of 13 mg of AMF leads to a broader and less resolved curve. The deviation of the 
heat flow signal from the vertical edge (broadening) is attributed to a longer time needed to 
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oxidize a larger sample and the development of a temperature gradient within the sample. 
Another reason is that the probability of vapor molecules to escape from the pan through 
the pinhole is considerable reduced. Consequently, the peak maximum temperature shifts to 
a lower temperature because some of the vapor molecules react, accelerating the termination 
stage of oxidation.   

 
Figure 4. Illustration of (a) optimum sample size, and (b) excess sample size, in hermetic sealed pans 
with a pinhole. 

Heating rate – this is one of the most important parameters to determine the oxidative 
stability and oxidation kinetics of lipids. Before the start of the heating rate, an equilibrium 
period between 3 and 5 min is recommended to enhance the baseline. At slow heating rates, 
primary oxidation products, such as hydroperoxides generated during the initial oxidation 
stage, react with excess of oxygen to form low molecular weight compounds (intermediate 
oxidation products), accelerating the degradation process. At fast heating rates, these 
intermediate products are lost through evaporation before they react with the lipid, shifting 
to a high value the threshold DSC signal [6, 9]. This phenomenon is the basis to calculate the 
kinetic parameters from a DSC thermogram [28]. However, it is important to highlight that 
the heating rate should not exceed 25˚C/min since the temperature of the sample is different 
from the furnace temperature, creating a temperature gradient which affects the oxidation 
kinetics [29]. An important overlooked consideration is the temperature range at which the 
oxidation study should be conducted. In general, the temperature range should start and 
end as far as possible from the Ton and Tp (approximately a difference of at least 50˚C).  

 
Figure 5. Effect of sample size on non-isothermal oxidation of anhydrous milk fat at 12˚C/min.  
Ton – onset temperature of oxidation; Tp – maximum heat flow temperature. 
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DSC mode – oxidation experiments can be conducted in either isothermal or non-isothermal 
mode. Both methods provide analytical information, such as the oxidation induction time in 
the case of isothermal measurements and the oxidation onset temperature in the case of non-
isothermal measurements [28, 29]. Further comparisons on the kinetic studies conducted in 
either isothermal or non-isothermal mode are discussed in the following sections.  

5. Analysis of DSC thermograms  

5.1. Location of key parameters 

The analysis and interpretation of the generated DSC spectra consist in identifying key 
parameters, such as the induction time, onset and peak maximum temperatures. These key 
parameters are manually obtained from the DSC spectra. The Ton is obtained extrapolating 
the tangent drawn on the steepest slope of Tp. This procedure is usually performed  

 
Figure 6. Anhydrous milk fat rich in conjugated linoleic acid oxidized at 15°C min-1. (a) Determination 
of  the start  temperature (Ts) (inlet), onset temperature (Ton) and maximum heat flow temperature (Tp), 
and (b) zoom on the first and second derivatives that precisely locates the Ts, Ton, and Tp 
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manually by the DSC operator, relying in the equipment software. Inherently, there is 
certain degree of uncertainty associated with this procedure. A method that accurately and 
unambiguously determines those key parameters from the DSC spectra was early proposed 
for lipid crystallization [30]. This method was first developed to calculate onset, offset, and 
peak maximum temperatures in crystallization of binary mixtures of different 
triacylglycerols. More recently, the same methodology was adapted to calculate the start, 
onset and peak maximum temperatures in non-isothermal oxidation of anhydrous milk fat 
[9]. Figure 6 exemplifies the location of the start, onset and peak maximum temperatures for 
anhydrous milk fat rich in conjugated linoleic acid oxidized at 15˚C/min in a hermetic sealed 
pan with a pinhole. 

Once the DSC curves are generated, the error associated with the raw data is calculated 
through standard deviation. Then, the first and second derivatives are calculated. The error 
is obtained from the baseline, which in Figure 6 corresponds to the segment of 140 to 178˚C. 
This is essential since the signal variability can be misinterpreted as a thermal event. In this 
method, a true thermal event was considered when the heat flow signal is twice greater than 
the standard deviation of the baseline. This criterion is known as the departure value (inlet 
Figure 6a). To locate the start temperature of oxidation, three criteria were considered. 
Firstly, the first derivative of the signal shows an inflexion point between a maximum and a 
minimum point of the signal (arrow (1)). Secondly, the second derivative reaches a 
maximum point on the heat flow signal (arrow (2)). Finally, the heat flow signal should be 
greater than the departure value (inlet). Tp was obtained when the first derivative of the 
signal intersects with the x-axis (arrow (3)) and the second derivative reached a maximum 
point on the signal (arrow (4)). Ton was obtained extrapolating the tangent drawn on the 
steepest slope of Tp. 

5.2. Iso-conversional method 

In chemical reactions, the degree of conversion (0 ≤ α ≤ 1) or extent of reaction of a particular 
compound is defined by moles at a given time divided by the initial moles [29]. Similarly, α 
in thermal analysis is defined by the heat flow at a given time or temperature divided by the 
heat flow at time or temperature at which the maximum heat flow signal is reached. The 
heat flow from the DSC spectra is converted to α based on the initial (signalo) and final 
(signalf) heat flow signals, as shown in equation (1).  

 o

o f

signal signal

signal signal






 (1) 

At a given degree of conversion, the reaction kinetics is described by a single-step reaction 
that follows an Arrhenius type equation within a narrow range of temperature. Then, the 
overall kinetics  [31-34] is the result of multiple single-step reactions in the form: 

  ( )
aE

RTd
A exp f

dt

 
  
 
   (2) 
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where t is the time, A is the pre-exponential factor, Ea is the effective activation energy, T is 
the temperature, and f (α) is the reaction model. This procedure, known as iso-conversional 
or model-free method, is used to calculate kinetic triplet parameters (effective activation 
energy, Ea, pre-exponential factor, A and constant rate, k) in thermally stimulated reactions 
[29-34]. As known, reactions are the sequence of physical changes that can be measured by 
thermal techniques.  

In non-isothermal oxidation of lipids, the consumption of oxygen can be neglected due to 
the large excess of oxygen generated by a constant flow rate (>25 mL/min). Such condition 
allows the formation of peroxides, being independently of the oxygen concentration, which 
also means that the autoxidation is a first order reaction [7, 9]. This is an essential 
assumption for the calculation of the kinetic triplet parameters (Ea, A, and k). A commonly 
used iso-conversional method is the Ozawa-Flynn-Wall method. Using this method, a set of 
data (Ts, Ton, and Tp) was obtained for constant heating rates (β= dT/dt) from which the 
kinetic parameters were calculated using the following equations: 

 
1

log  a b
T

    (3) 

where β is the heating rate (K/min) and T is the temperature Ts, Ton, or Tp (K). By plotting log 
β against 1/T, the effective activation energy (Ea) and the pre-exponential factor (A) were 
determined directly from the slope and intercept according to: 

 0.4567 aE
a

R
   (4) 

 2.315 aE
b log A

T

 
    

 
 (5) 

where a and b are the slope and intercept from equation (3), respectively, and R is the 
universal gas constant (8.31 J/mol K). Therefore, the effective activation energy (Ea) and the 
constant rate (k) are calculated from: 

 
1

log  
2.19  a

d
E R

dT




   (6) 
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RT
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   (7) 

5.3. Induction time  

As mentioned earlier, the period of time where no change in the heat flow signal occurs is 
known as the induction time and its length is considered as a measurement of lipid stability 
[17]. The determination of the induction period is routinely conducted to evaluate stability 
of oils, lubricants, biodiesel, and pharmaceutical products [34-38]. Unfortunately, no 
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standard protocol for the determination of the oxidation induction time has been developed 
for lipids.  

Figure 7a illustrates the standard protocol for determination of oxidation induction time 
(OIT). The polymer sample (15 mg) is rapidly heated under nitrogen atmosphere (≤ 
20˚C/min) until it reaches the temperature that corresponds to time, t1, which is the starting 
point for OIT determination. At t1, the atmosphere is switched to oxygen and the sample is 
held at the same temperature until t2 is reached. The difference between t2 and t1 is the OIT. 
A disadvantage of this protocol is to find an adequate temperature for the isothermal stage. 
For example, the use of a low temperature might considerably increase the OIT while the 
use of a high temperature might oxidize the sample immediately, making difficult to obtain 
a reliable baseline. In tests conducted in 16 different laboratories, it was demonstrated that 
OIT is associated with a high degree of uncertainty. On the other hand, Figure 7b illustrates 
the experimental protocol for the determination of oxidation induction temperature (OIT*). 
In this case, the sample is continuously heated at a constant heat rate (for example, 
12˚C/min) under oxygen atmosphere.  

 

Figure 7. Determination of oxidation induction time, OIT (a), and oxidation induction temperature, 
OIT* (b). Tm – melting temperature, t1 – start of the oxidation induction time, t2 – end of the oxidation 
induction time. Adapted from reference [35]. 

6. Kinetic studies of oxidation of fats and oils 

Tables 1 and 2 summarize oxidation studies of fats and oils using DSC. Most of the 
isothermal studies were conducted between 80 and 180˚C with different flow rates 
varying from 10 to 100 mL/min. The amount of sample used also varied from 3 to 30 mg 
and most of these studies used open pans. The oxidation onset times were quite diverse 
(23-108 min) and therefore the Ea values ranged from 50 to 130 kJ/mol, depending mainly 
on the oil composition, temperature, and amount of sample. For the non-isothermal 
studies, the temperature ranged from 50 to 350˚C and the heating rate used ranged from 1 
to 25˚C/min. The onset oxidation temperatures depended on the heating rate and oil 
composition.  
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6.1. Isothermal studies 

For isothermal oxidation, the heat flow signal generated at constant temperature is plotted 
against time (Fig 7a). From these curves, the start of the oxidation (t1) and the end of the 
oxidation induction time (t2) are first located and then used for analysis [39].  

Table 1 summarizes the isothermal oxidation studies of fats and oils, such as peanut, 
safflower seed, blackcurrant seed, rice bran, cotton seed, Buriti seed, passion fruit seed, 
sunflower seed, soybean, linseed, canola seed, coconut, grape seed, palm seed, and sesame 
seed. Earlier studies on isothermal oxidation were imprecise because the baselines obtained 
were highly unstable, making it difficult to obtain oxidation onset times [40, 41]. However, 
stable baselines were currently obtained in the isothermal oxidation of linoleic, linolenic, 
oleic, stearic, peanut, safflower and blackcurrant seed oils [42]. These oils were heated under 
argon flow. After thermal equilibrium was reached, the gas flow was switched to oxygen, 
allowing the oxidation to start. The temperature used to conduct the oxidation test should 
be far below the self-ignition temperature for fats and oils (~ 350˚C). Thus, the recorded 
thermal events are due to lipid oxidation rather than combustion. Using this approach, the 
obtained induction times were reproducible and highly influenced by the test temperature 
and sample composition. Attempting to validate the isothermal DSC oxidation, an earlier 
study [43] isothermally oxidized purpurea seed, rice bran and cotton seed oils using the 
DSC and the Rancimat methods. At each tested temperature, the DSC oxidation times were 
shorter than those obtained using the Rancimat method for the same oil. Despite these 
differences, the oxidation times were satisfactorily correlated with the Rancimat induction 
times. Similarly, longer induction times were obtained with the use of the Rancimat method 
for Buriti pulp seed oil, rubber seed oil and passion fruit seed oil [44]. In these studies, DSC 
rapidly reaches the threshold of the heat flow signal. This difference is attributed to the 
small sample used in DSC experiments, allowing a higher oil-oxygen ratio compared to the 
Rancimat method. Moreover, to oxidize the oil, DSC employs pure oxygen (99% purity) 
while the Rancimat method uses air (~21% of oxygen).   
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Lipid Experimental 

protocol

Oxidation induction times (OIT, min) Ref. 

Linoleic, 

linolenic, 

peanut, oleic, 

stearic, safflower 

and blackcurrant 

seed 

- 80-160˚C 

- 5 mg in an open pan 

- Flow rate = 8.3 mL/min 

-Argon flow to equilibrate 

At 120˚C 

- Olive = 108 

- Blackcurrant  = 

95 

- Corn = 78 

- Peanut = 68 

- Sunflower = 69 

- Linseed = 50 

- Safflower = 43 

At 130˚C 

- Olive = 105  

- Blackcurrant  

= 50 

- Corn = 50 

- Peanut = 54  

- Sunflower = 

22 

- Linseed = 21 

- Safflower = 18  

[42] 

 

Rice, cotton seed 

and B. purpurea 

- 110, 120, 130 and 140˚C 

- 5 mg in an open pan 

- Flow rate = 50 mL/min 

At 110˚C 

- B. purpurea = 483 

- Rice = 132 

- Cotton  = 172 

At 120˚C 

- B. purpurea = 269

- Rice = 72 

- Cotton  = 92 

At 130˚C 

- B. purpurea = 99 

- Rice = 36 

- Cotton  = 42 

At 140˚C 

- B. purpurea = 48 

- Rice = 18 

- Cotton  = 20 

[43] 

Buriti, rubber 

seed and passion 

fruit oil 

- 100, 110, 120, 130 and 

140˚C 

- 5 mg in an open pan 

- Flow rate = 50 mL/min 

100˚C 

- Buriti = 116 

- Rubber = 106

- Passion = 778

110˚C 

- Buriti = 42 

- Rubber = 51 

- Passion = 369

120˚C 

- Buriti = 23 

- Rubber = 25 

- Passion = 163 

130˚C 

- Buriti = 7.8 

- Rubber = 7.5 

- Passion = 66.5 

140˚C 

- Buriti = 3.3 

- Rubber = 3.3 

- Passion = 30.3 

[44] 

Rapeseed and 

sunflower  

- 120˚C 

- 30 mg in a sealed pan 

- Flow rate = 600 mL/min 

- Rapeseed: OIT120˚C = 1.5-1.9 min 

- Sunflower: OIT120˚C = 0.6-1.2 min 

[45] 

Linseed  - 130˚C 

- 5 mg in a sealed pan - 

Flow rate = 60 mL/min 

- Linseed: OIT130˚C = 23.1 

- Linseed + 0.05% of antioxidant blend = 25.1 

- Linseed + 0.2% of antioxidant blend = 33.1 

- Linseed + 0.01% Butylated hydroxyl anisole (BHA) = 24 

- Linssed + 0.02% BHA = 30.1 

[49] 

Lipid Experimental protocol Kinetic parameters (Ea, kJ/mol; A min-1; k, min) Ref. 

Rapeseed, 

soybean, corn 

and sunflower  

- 121 to 149˚C 

- 3.5-6.5 mg in an open pan

- Flow rate = 100 mL/min 

- Soybean: OIT121-150˚C = 11-2.9; Ea = 67.2; A= 2.7x107 

- Rapeseed: OIT121-130˚C = 16.2-10.4; Ea = 71.9; A = 1.2x108 

- Corn: OIT114-130˚C = 23-3; Ea = 98.6; A= 5.1x1011 

- Sunflower: OIT106-130˚C = 11-2.8; Ea = 84.6; A= 1.4x1010 

[47, 

48] 

Soybean, 

rapeseed, and 

sunflower oil 

- 110-150˚C. 

- 3-4 mg in an open pan 

- Flow rate = 100 mL/min 

- Soybean: OIT110-150˚C = 139-11; Ea = 72.4; A= 6.3x107; k150˚C = 0.073 

- Rapeseed: OIT110-150˚C = 122-14; Ea = 83.4; A= 1.6x109; k150˚C =  0.084  

- Sunflower: OIT110-150˚C = 64-4.4; Ea = 86.2; A= 8.7x109; k150˚C = 0.201 

[50] 

Canola, coconut, 

corn, grapeseed, 

peanut, palm 

kernel, palm 

olein, safflower, 

sesame and 

soybean 

- 110-140˚C. 

- 5 mg in an open pan 

- Flow rate = 50 mL/min 

- Canola: OIT110-140˚C = 259-37; Ea = 86; k128˚C = 0.016 

- Coconut: OIT110-140˚C = 325-44; Ea = 86.9; k128˚C = 0.011 

- Corn: OIT110-140˚C = 166-21.4; Ea = 88.1; k128˚C = 0.021  

- Grape seed: OIT110-140˚C = 74-7.5; Ea = 99.9; k128˚C = 0.056  

- Peanut: OIT110-140˚C = 127-12.3; Ea = 99.1; k128˚C = 0.025 

- Palm kernel: OIT110-140˚C = 539-70; Ea = 89.4; k128˚C = 0.007  

- Palm olein: OIT110-140˚C = 515-82; Ea = 79.9; k128˚C = 0.006  

- Safflower: OIT110-140˚C = 88-8; Ea = 104.3; k128˚C = 0.055 

- Sesame: OIT110-140˚C = 542-20; Ea = 88.8; k128˚C = 0.007  

- Soybean: OIT110-140˚C = 124-20; Ea = 80.8; k128˚C = 0.029  

[51, 

52] 

Soybean, 

rapeseed, corn 

and peanut oil 

- 108-162˚C. 

- 2-5 mg in an open pan. 

- Flow rate = 100 mL/min. 

- Rapeseed: OIT130-150˚C = 33-11; Ea = 64.4 

- Soybean: OIT138-162˚C = 8.9-2.3; Ea = 51.3 

- Corn: OIT147-160˚C = 13.5-5.7; Ea = 77.5 

- Palm: OIT108-121˚C = 24-6.5; Ea = 82.3 

[53] 

Lauric, myristic, 

palmitic, stearic 

acids and their 

ester 

- 155-180˚C. 

- 5-8 mg in an open pan. 

- Flow rate = 100 mL/min. 

- Palmitic: Ea = 125.1 ± 11.2  

- Ethyl palmitate: Ea = 126.6 ± 5.0 

- Glycerol tripalmitate: Ea = 105.3 ± 7.7  

- Stearic acid: Ea = 134.3 ± 12.0 

- Ethyl stearate: Ea = 128.5 ± 2.6  

- Glycerol tristearate: Ea = 102.5 ± 10.9 

- Lauric acid: Ea = 97.3 ± 7.3  

- Ethyl laurate: Ea = 127.3 ± 6.3 

- Ethyl myristate: Ea = 117.1 ± 5.4 

[54] 

Blends of cocoa 

butter/cocoa 

butter fat like 

- 130, 140, 150, and 160˚C.

- 5 mg in an open pan. 

- Flow rate = 100 mL/min. 

Cocoa butter/cocoa butter fat like 

- 100/0: Ea = 106.2; A = 5.6x1010; k160˚C = 0.008  

- 90/10: Ea = 105.1; A = 4.4x1010; k160˚C = 0.009  

- 80/20: Ea = 105.9; A = 6.7x1010; k160˚C = 0.011  

- 70/30: Ea = 95.1; A = 3.9x109; k160˚C = 0.013  

- 60/40: Ea = 99.5; A = 1.5x1010; k160˚C = 0.015  

- 50/50: Ea = 104.4; A = 6.7x1010; k160˚C = 0.017  

- 0/100: Ea = 120.5; A = 1.9x1013; k160˚C = 0.055 

[55] 

Table 1. Summary of isothermal oxidation studies of lipids using differential scanning calorimetry 

A comparative study of sunflower seed oil and rapeseed oil oxidation using DSC and 
volatile analysis showed that the ratio of hexanal/2-trans-nonenal linearly correlates with 
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the onset heat flow signal of the DSC spectra [44]. In addition, a correlation between the 
peroxide values with the oxidation onset time was developed to monitor rapeseed oil 
oxidation [44]. Unfortunately, the correlation was valid only for oils with peroxide values 
lower than 30 mmol O2/kg oil. In other study, the experimental oxidation data obtained 
from electron spin spectroscopy was compared with the data obtained from DSC oxidation 
[46]. The onset oxidation times were highly correlated for different fat and oil blends. 
However, the obtained correlations were valid only at moderate temperatures of 60˚C, 
which considerably limits the applicability of electron spin spectroscopy for oxidation 
analysis. 

An investigation of isothermal oxidation of oils (e.g. rapeseed, soybean, corn and sunflower 
oils) used onset time (ton) to rank the oxidized oils in terms of their oxidative stability [47]. The 
high maximum heat flow time (tp) value indicates that the oil is more stable. Although these 
relationships were statistically validated, a single parameter to evaluate the oxidative stability 
can lead to overestimation of the oxidative stability. In the same study, the authors considered 
tp to be proportional to the rate of oxidation, which might not be valid. Indeed, peroxide value 
determinations showed that tp represents the oxidation termination stage while ton is associated 
with the rate of initiation [48]. Furthermore, the addition of antioxidants prolongs only ton 
while tp values were minimally affected [48]. The same behavior was also observed in the 
isothermal oxidation of linseed oil with the use of antioxidants [49]. The addition of BHA 
(butylated hydroxyl anisole) and a mixture of antioxidants (tocopherol, ascorbyl palmitate, 
citric acid and ascorbic acid) prolonged the onset time at 130˚C. All these approaches provided 
information of great value for validation of the DSC isothermal oxidation. However, these 
equations are limited for a set of temperatures and specific oils (Table 1). Additional factors, 
such as degree of saturation, amount of free fatty acids, chain length and the presence of 
natural antioxidants were not considered.  

Using the isothermal method, the sample is heated at a constant temperature and the 
released heat is recorded as a function of temperature. Such situation allows the 
identification of the maximum heat flow time (tm), which linearly correlates with the 
temperature [39,48, 49].  

 1log mt A T B    (8) 

where A and B are regression parameters. Due to the excess of oxygen generated by a 
constant flow rate, the formation of peroxides is considered to be independent of the oxygen 
concentration, which also means that the autoxidation is a first order reaction [48, 49]. This 
is an essential assumption for the calculation of kinetic parameters, such as effective 
activation energy (Ea), pre-exponential factor (A), and reaction rate (k).  

 
1

( )
2.19 m

a

dlog t
E R

dT
    (9) 

Equations 8 and 9 have been applied not only to obtain the maximum heat flow signal [47-
49] but also to obtain the oxidation onset time. An attempt to correlate induction times and 
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kinetic parameters of isothermally heated rapeseed, soybean and sunflower seed oils at 
different temperatures was proposed [50]. The authors correlated the oxidation induction 
times with the tested temperature using Arrhenius-like equations. The obtained kinetic 
parameters were comparable to those obtained by the Rancimat method. The onset time 
values of 12 different oils obtained by DSC were reduced by half of their previous values for 
every increase of 10˚C in the oxidation temperature [51]. These relationships were further 
used to obtain kinetic parameters of DSC oxidation [52]. The Ea values of rapeseed, soybean, 
corn and peanut oils were strongly influenced by the amount of saturated fatty acids [53]. 
The oxidation of saturated fatty acids (C12-C18) and their esters revealed that the Ea values 
(100-125 kJ/mol) were within the same range for all the tested oils [54]. This suggests that the 
isothermal oxidation is not influenced by the carbon chain length. Another important 
conclusion from this investigation [54] is that the start of oxidation is similar for fatty acids, 
their esters and triglycerides. The kinetic oxidation parameters of cocoa butter blends were 
obtained using the oxidation onset time [55]. The blends were oxidized from 130 to 160˚C in 
an open pan. Interestingly, the Ea and A values were slightly affected by the addition of 
saturated fatty acids. But, k values considerably changed with the amount of saturated fatty 
acids. Thus, k values can be used to rank the oxidative stability of cocoa butter blends. 
However, the use of k values to evaluate oxidative stability might be valid only at the 
temperature tested since changes in the reaction mechanisms can occur as a function of 
temperature.   

6.2. Non-isothermal studies 

For non-isothermal oxidation studies, two maximum heat flow peaks are commonly 
observed in the DSC spectra [56-59]. But, only the first peak is related to lipid oxidation. 
This was demonstrated in non-isothermal oxidation studies of corn and linseed oils with 
different peroxide values [57]. A decrease in the onset temperature was observed as the 
peroxide value increased. Contrary, the first and second peak temperatures were not 
affected by increasing the peroxide value. Consequently, the first peak can be related to 
hydroperoxides formation while the second peak can be due to further oxidation of 
peroxides. In an earlier study [58], the weight loss of lecithin during non-isothermal 
heating under nitrogen flow rate was analyzed. The thermogravimetric analysis showed 
that in the temperature range of the first peak only 4% of weight was lost but above that 
temperature, the weight loss considerably increased. Therefore, changes in the DSC signal 
within the range of the first peak temperature were attributed to oxidation and those 
changes above that temperature corresponded to thermal degradation rather than 
oxidation (Figure 8). 

 
Figure 8. Reaction mechanism proposed for lipid oxidation under non-isothermal conditions. 
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The proposed reactions in Figure 8 resemble to an autocatalytic reaction scheme. Indeed, 
computer simulated DSC oxidation curves using autocatalytic scheme fitted well the 
experimental data [56]. Similarly, the non-isothermal oxidation of mustard oil was best 
described by an autocatalytic reaction scheme [58]. Therefore, it was proposed that Ton is the 
most representative reference point of lipid oxidation under non-isothermal conditions. In 
addition, kinetic parameters calculated from Ton were comparable to those obtained at 
isothermal DSC conditions (Tables 1 and 2) [56-59]. Similarly, non-isothermal kinetics was 
used to evaluate the oxidative stability of commercial olive oil samples [59-62]. The obtained 
kinetic parameters were comparable to those obtained with the Rancimat method.   

 

Lipid Experimental protocol Kinetics parameters (Ea, kJ/mol; A min-1; k, min) Ref. 

Corn and linseed oil - 50-300˚C 

- 5 mg in an open pan  

-  β = 5-20˚C/min 

- Flow rate = 166 mL/min 

- Corn: Ea = 69.5±9.7; A = 1.25x108  

- Linseed: Ea = 132.7±8.8; A = 1.15x1016 

Onset temperature 

- Corn + 47 mmol O2/kg = 146˚C 

- Corn + 70 mmol O2/kg = 142˚C 

- Corn + 93 mmol O2/kg = 137˚C 

- Corn + 136 mmol O2/kg = 137˚C 

- Corn + 145 mmol O2/kg = 128˚C 

- Corn + 158 mmol O2/kg = 127˚C 

- Linseed + 31 mmol O2/kg = 144˚C 

- Linseed + 119 mmol O2/kg = 131˚C 

- Linseed + 180 mmol O2/kg = 129˚C 

- Linseed + 252 mmol O2/kg = 125˚C 

- Linseed + 349 mmol O2/kg = 117˚C 

- Linseed + 383 mmol O2/kg = 121˚C 

[56] 

Linolenic acid and soy lecithin - 50-300˚C 

- 5 mg in an open pan  

-  β = 2-20˚C/min 

- Flow rate = 6600 mL/min 

- Linolenic: Ea from Ton: 65±4; A = 2.3x107; k100˚C = 0.016 

- Linolenic: Ea from Tp: 78.9±6.9; A = 9.9x107 

- Lecithin: Ea from Ton: 97±8l; A = 2.4x1011; k100˚C = 0.001 

- Linolenic: Ea from Tp: 141.4±4; A = 9.4x1015 

[57] 

Mustartd oil - 140-350˚C 

- 3-5 mg in an open pan  

-  β = 2, 5, 7.5, 10, and 15˚C/min 

- Flow rate = 100 mL/min 

- From onset: Ea = 90.6; A = 3.4x109; k225˚C = 0.97 

- From 1st peak: Ea = 88.5; A = 1.4x109; k225˚C = 0.90 

- From 2nd peak: Ea = 84.6; A = 4.4x107; k225˚C = 1.12 

[58] 

Olive oil - 2-3 mg in an open pan 

-  β = 4, 5, 7.5, 10, 12.5, 15˚C/min 

- Flow rate = 100 mL/min 

- Ea calculated from Ton: 72-104; A = 3.31x108 -1.1x1012 ; 

k120˚C = 0.09-0.015 

[59] 

Blends of soybean/AMF  - 100 to 350˚C 

- 5-15 mg in an open pan  

- β = 2.5-12.5˚C/min 

- Flow rate = 100 mL/min 

Soybean/AMF 

- 100/0: Ea = 93.5; A = 1.25.6x1010; k200˚C = 0.57  

- 90/10: Ea = 59.5; A = 2.5x106; k200˚C = 0.68 

- 80/20: Ea = 58.4; A = 2.1x106; k200˚C = 0.71  

- 70/30: Ea = 64.5; A = 1.1x107; k200˚C = 0.80 

- 60/40: Ea = 70.2; A = 5.2x107; k200˚C = 0.88 

- 50/50: Ea = 73.2; A = 1.1x108; k200˚C = 0.95 

- 40/60: Ea = 102.7; A = 2.6x1011; k200˚C = 1.18 

- 30/70: Ea = 102.8; A = 2.7x1011; k200˚C = 1.20 

- 20/80: Ea = 105.8; A = 5.3x1011; k200˚C = 1.26 

- 10/90: Ea = 117.4; A = 1.4x1013; k200˚C = 1.55 

- 0/100: Ea = 89.5; A = 8.4x109; k200˚C = 1.09 

[62] 

Oleic, erucic, linoleic, linolenic 

and their ethyl esters and 

glycerol trioleate and trilinoleate

- Temperature = 50-300˚C 

- 5 mg in an open pan 

- β = 2-20˚C/min 

- Flow rate = 600 mL/min 

- Erucic: Ea = 89.6±4.4; A = 4.9 x1010; k90˚C = 0.006 

- Oleic: Ea = 88.4±4.7; A = 1.0 x1011; k90˚C = 0.021 

- Oleate: Ea = 95±4.7; A = 9.4 x1010; k90˚C = 0.002 

- Trioleate: Ea = 91.8±13.3; A = 4.4 x1010; k90˚C = 0.002 

- Linoleic: Ea = 72±2.9; A = 1.6 x109; k90˚C = 0.071 

- Linoleate: Ea = 76.4±5; A = 2.4x109; k90˚C = 0.024 

- Trilinoleate: Ea = 74.3±3; A = 9.6x108; k90˚C = 0.020 

- Linolenic: Ea = 62.4±3.7; A = 2.6x108; k90˚C = 0.027 

- Linolenate: Ea = 74.5±8.2; A = 4.2x109; k90˚C = 0.082 

[63, 64] 

AMF with low, medium and 

high CLA content  

- 100 to 350˚C 

- 2 mg in an sealed pan  

- β = 3, 6, 9, 12 and 15˚C/min 

- Flow rate = 50 mL/min 

- Low CLA: Ea = 146.5; A = 4.1x1014; k200˚C = 0.026  

- Med CLA: Ea = 112.4; A = 3.6x1010; k200˚C = 0.014  

- High CLA: Ea = 87.6; A = 6.3x107; k200˚C = 0.013  

[9] 

Cotton, corn, canola, safflower, 

high oleic safflower, high 

- 1-1.5 mg in a sealed pan 

- β = 1, 5, 10, 15 and 20˚C/min 

- Cotton: Ea = 63.3; A = 9.2x106; k = 0.37 

- Corn: Ea = 77.7; A = 2.4x108; k = 0.43 

[7] 
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Lipid Experimental protocol Kinetics parameters (Ea, kJ/mol; A min-1; k, min) Ref. 

linoleic safflower, high oleic 

sunflower, soybean and 

sunflower 

 - Canola: Ea = 88.4; A = 7.6x109; k  = 0.51 

- Sufflower: Ea = 75.2; A = 1.8x108; k = 0.44 

- High oleic sufflower: Ea = 88.7; A = 3.1x109; k = 0.48 

- High linoleic sufflower: Ea = 73.5; A = 1.1x108 k  = 0.42 

- High oleic sunflower: Ea = 86.5; A = 1.8x109; k = 0.47 

- Soybean: Ea = 79.6; A = 4.1x108; k = 0.44 

- Sunflower: Ea = 63.8; A = 1.1x107; k = 0.38 

Base oil lubricants - 0.5 mg in a sealed pan  

-  β = 5, 10 and 20˚C/min 

- Flow rate = 100 mL/min 

- Ea = 13.8-83.9 kJ/mol; k = 0.11-0.75 min-1. 

 

[25] 

Rapeseed, soybean, sunflower, 

lard and highly rancid oils 

- 100-360˚C 

- 3-4 mg in an open pan 

-  β = 5-20˚C/min 

- 166 mL/min 

- Antioxidants: BHT, BHA and PG 

- Rapeseed: Ea = 64-73; A = 7.4x105-4.4x106  

- Soybean: Ea = 62-64; A = 6.1x105-7.1x105 

- Sunflower: Ea = 60-62; A = 4.1x105-6.6x105 

- Lard: Ea = 92-93; A = 3.5x108-2.7x108 

[65] 

Fat extracted from baby 

formulas 

- 3-4 mg  

-  β = 4, 6, 7.5, 10, 12.5, 15˚C/min 

- Flow rate = 50 mL/min 

- Ea = 80-106, A = 7.4x109-1.1x10-13; k120˚C = 0.079-0.122 [19] 

High oleic sunflower (HOS) and 

castor oil with blends of 

antioxidants 

- 100 to 250˚C 

- 3-3.3 mg in an open pan 

-  β = 10˚C/min 

- Flow rate = 10 mL/min 

- Antioxidants (0.5-2 wt %): TOC, PG, 

AA and MBP 

- HOS: OOT = 191˚C 

- HOS + PG: OOT = 225-233˚C 

- HOS + AA: OOT = 206˚C 

- HOS + TOC: OOT = 190-214˚C 

- HOS + MBP: OOT = 226-242˚C 

- Castor: OOT = 197 ˚C 

- Castor + PG: OOT = 233-242˚C 

- Castor + AA: OOT = 208-212˚C 

- Castor + TOC: OOT = 195-203˚C 

- Castor + MBP: OOT = 212-234˚C 

[66] 

Linolenic acid (LNA) with 

different phenols 

- 50-300˚C 

- 3-5 mg in an open pan 

- β = 5, 10, 20, 40, 40 and 80˚C/min 

- Flow rate = 250 mL/min 

- LNA: Ea = 70.4; A = 5.6x109 min-1; k90˚C = 0.792 

- 0.26 BHT/LNA: Ea = 73±3.7; A = 8.9x109; k90˚C = 0.541 

- 0.82 BHT/LNA: Ea = 79.6±8.4; A = 2.4 x 1010; k90˚C = 0.17 

- 1.51 BHT/LNA: Ea = 87±5.5; A = 2.0x1011; k90˚C = 0.134  

- 3.0 BHT/LNA: Ea = 91.9±4.5; A = 6.5x1011; k90˚C = 0.091 

- 4.0 BHT/LNA: Ea = 95.8±2.4; A = 2.1x1012; k90˚C = 0.049  

[67] 

LNA with BHT, olivetol and 

DHZ 

- 50-350˚C 

- 5 mg in an open pan 

- β = 2-20˚C/min 

- Flow rate = 250 mL/min 

- LNA: Ea = 69.8±7.8; A = 2.2x109  

- 1.2-11.6 BHT/LNA: Ea = 82-141 

- 1.1-8.2 DHZ/LNA: Ea = 88-187  

- 1.1-5.6 Olivetal/LNA: Ea = 84-129 

[68] 

AA – ascorbic acid; TOC – tocopherol; MBP – methylenebis (2,6 ditert-butylphenol); PG – propyl gallate; BHT- Butylated hydroxytoluene, DHZ-

dehydrozingerone, AMF-anhydrous milk fat, CLA-conjugated linoleic acid, OOT – oxidation onset temperature. 

Table 2. Summary of non-isothermal oxidation studies of lipids using differential scanning calorimetry 

According to the Arrhenius principle, oil with a high Ea value oxidizes faster at high 
temperatures, while oil with a low Ea value oxidizes faster at low temperatures. 
Unfortunately, calculated values of Ea should not be used as a single parameter to rank the 
oxidative stability of lipid systems. This was exemplified in blends of soybean/anhydrous 
milk fat [63] that were non-isothermally oxidized. Interestingly, as the percentage of 
unsaturated fatty acids increased, the onset temperature of oxidation decreased and the only 
kinetic parameter that exhibited the same pattern was the constant rate of oxidation. The 
calculated Ea value is the cumulative effect of all the Ea values available in the system during 
oxidation, including intermediate compounds that have their own kinetic values. An 
equation representing the overall activation energy for autoxidation of lipids was earlier 
proposed [54, 56]. The overall effect included activation energies of initiation (Ei), 
propagation (Ep) and termination (Et) based on the classical rate equation for autoxidation of 
hydrocarbons.  

Unfortunately, equation (10) has been applied to limited fatty acids (C12-C18) [56, 57] and 
correlations between other kinetic parameters and the initiation and termination activation 
energies are needed.  
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The non-isothermal oxidation of different fatty acids and their esters [56, 57] showed that 
the calculated Ea values are similar among the different tested samples, indicating that the 
oxidation does not occur on free or esterified carboxyl groups of fatty acids. The non-
isothermal oxidation of anhydrous milk fat with different ratios of unsaturated/saturated 
fatty acids showed that the start temperature of oxidation shifted to lower values as the ratio 
increased [9]. More importantly, the kinetics parameters (Ea, A and k) calculated also 
decreased. The onset temperature of oxidation not only is affected by the amount of 
saturated fatty acids but also by the presence and abundance of aromatic compounds and 
their alkyl substitutions [7, 25]. Kinetic parameters obtained from different oils were 
compared with structural parameters obtained with NMR spectroscopy. Moreover, an 
increase in the methylene carbons of the fatty acid chains increased the oxidative stability 
while conjugated structures were rapidly oxidized.   

The addition of antioxidants to enhance oxidative stability of oils can be evaluated using the 
DSC in non-isothermal mode. A novel approach based on DSC data, named protective 
factor (PF) was provided in the literature [65]. In this investigation, the oxidation of methyl 
esters derived from rapeseed and waste frying oil was monitored at different concentrations 
of BHT and pyrogallol (PG). The oxidation onset temperature asymptotically increased with 
the addition of BHT and PG, without finding an optimum antioxidant concentration. In 
addition, the increase in the heating rate might change the reaction mechanisms in which 
antioxidants can capture free radicals, making difficult to compare their effectiveness. 
Therefore, the protective factor concept [65] was developed according to: 

 
     

  ( )  
     

onset temperature of oil with antioxidant
Protective factor PF

onset temperature of oil without antioxidant
  (11) 

Values of PF lower than 1 means that the antioxidant has a pro-oxidant effect. On the other 
hand, PF values greater than one can be considered as a measurement of antioxidant 
effectiveness. Another important factor is the physical stability of the antioxidants. In a 
comparative study [65, 68], the addition of BHT, BHA and PG was evaluated in rapeseed, 
soybean, sunflower and lard oils. BHA and BHT were not effective antioxidants due to their 
volatility. These antioxidants escaped from the heated oil before they can react to neutralize 
free radicals. An optimum antioxidant concentration was found for BHT (8.4 mmol), BHA 
(2.8 mmol) and olivetol (4.5 mmol) in oxidized linolenic acid [63-65]. After the optimal 
concentration, a decrease in the antioxidant activity was observed. Interestingly, at high 
temperatures (<180˚C), the antioxidants are no longer stable and their effectiveness 
significantly decreased. Similarly, α-tocopherol and L-ascorbic acid 6-palmitate were not 
effective even at high concentrations (up to 2% wt) during the oxidation of either high oleic 
sunflower oil or castor oil [66, 69].  
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6.3. Compensation theory 

A proper kinetic interpretation should include the compensation effect, which is usually 
used to explain whether the variations on effective activation energy values have physical 
meaning or they are caused by either variations of process conditions or complexity of the 
reaction systems. In previous investigations [69, 70], the compensation effect is illustrated 
for various thermal degraded materials, such as polymers, cellulosic materials and CaCO3. 
The compensation effect  can be evaluated by plotting ln k, obtained by equation (7), against 
1/T. Figure 9 shows that an increase in the effective activation energy causes an increase in ln 

k (equation 7). Similarly, a decrease in the effective activation energy results in a lower value 
of ln k. The point of concurrence, where the different lines intercept, corresponds to ln kiso 
and 1/Tiso (kiso is the isokinetic rate constant and Tiso is the isokinetic temperature), which 
indicates the existence of the compensation effect.  

 
Figure 9. Arrhenius plot (ln k vs 1/T) for the non-isothermal oxidation: (a) compensation effect theory 
adapted from reference [69], and (b) anhydrous milk fat [9].  

In studies of non-isothermal oxidation of anhydrous milk fat (AMF) [9], there is no 
concurrence at a single point. Therefore, the non-isothermal oxidation of AMF does not 
exhibit a compensation effect and thus the variations in kinetic parameters have no physical 
background. In fact, AMF is a very complex fat mainly composed of triacylglycerols that 
have a glycerol backbone to which three fatty acid moieties are esterified. These  
triacylglycerols are extremely diverse in chain lengths, position and number of 
unsaturations of their fatty acids [72]. Moreover, more than 400 fatty acids in milk fat were 
found [73]. Therefore, several reactions with different constant rates simultaneously occur 
and DSC only detects those reactions that have the greatest exothermal effect. This could 
explain why the variations in effective activation energy values have no physical meaning or 
there is no compensation effect.  

The isokinetic temperature can also be defined as the temperature at which two rate 
constants of two different reactions are equal. For a set of kinetic parameters of two different 
reactions, the isokinetic temperature can be expressed as: 
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The isokinetic temperature of autoxidation of lecithin and linolenic acid calculated using 
equation (12) was 167˚C [57]. This observation exemplifies the difficulty in determining the 
oxidative stability of multicomponent systems. For example, if the oxidation test is 
conducted at a temperature below Tiso, linolenic acid oxidizes faster than lecithin. But, if the 
same test is conducted at a temperature equal to Tiso, both lipids have the same oxidative 
stability. Contrary, lecithin oxidizes faster than linolenic acid above Tiso. Consequently, the 
estimation of the oxidative stability based only on the onset temperature is misleading. 
Therefore, interpretation of the shape of non-isothermal oxidation curves in combination 
with kinetic parameters can provide a better interpretation of the oxidative behavior in 
multicomponent systems.  

7. Case studies of lipid oxidation after processing using new technologies  

7.1. Kinetics of non-isothermal oxidation of anhydrous milk fat (AMF) rich in 

conjugated linoleic acid (CLA) after hydrolysis  

AMF is the richest source of CLA composed of geometrical and positional isomers of linoleic 
acid. CLA has potential benefits, such as cancer prevention, atherosclerosis, weight control, 
and bone formation [74]. Additionally, CLA concentration in milk can be markedly 
enhanced through diet manipulation and nutritional management of dairy cattle [75]. In 
CLA-enriched AMF, CLA is distributed throughout different triacylglycerols together with 
other fatty acids, limiting its applicability as ingredient in different milk fat-based products. 
One known approach to produce free fatty acids (FFA) is through enzymatic hydrolysis. The 
enzymatic hydrolysis of AMF rich in CLA yielded around 88% of free fatty acids (FFA) [76, 
77]. Unfortunately, FFAs are more susceptible to oxidation than those fatty acids attached to 
the triacylglycerol backbone.  

Figure 10 shows the DSC curves of non-hydrolyzed and hydrolyzed AMF rich in CLA. 
Although the DSC curves were quite different between non-hydrolyzed AMF (blue and 
black lines) and hydrolyzed AMF (green and red lines), the maximum peak temperatures 
were in the same range. This observation supports the hypothesis that changes in the DSC 
signal below the temperature of the first peak can be attributed to oxidation and changes in 
DSC signal above TP correspond to thermal decomposition and advanced oxidation 
products as shown in Figure 8. Figure 10 also shows that the oxidation of hydrolyzed AMF 
starts at low temperatures (~108˚C), making difficult to obtain a consistent baseline. 
Therefore, the kinetic parameters were calculated using the onset temperature obtained as 
described in Section 5.1.   

Table 3 shows the onset oxidation temperature and kinetic parameters of non-hydrolyzed 
and enzymatic hydrolyzed AMF rich in CLA. As expected, the Ea for the hydrolyzed fat is 
greater than that obtained for the non-hydrolyzed fat. Interestingly, the constant reaction 
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Figure 10. Non-isothermal oxidation of non-hydrolyzed and hydrolyzed anhydrous milk fat rich in 
CLA. Tp - maximum heat flow temperature. 

Heating rate [˚C/min] Non-hydrolyzed AMF [°C] Hydrolyzed AMF [°C] 

3 173.47 ± 0.1 125.06 ± 1.4 
6 184.71 ± 2.3 132.46 ± 0.3 
9 192.13 ± 0.7 133.25 ± 1.2 
12 197.85 ± 3.7 132.46 ± 0.3 
15 198.66 ± 0.3 136.78 ± 0.1 

Ea [kJ/mol] 82.42 175.78 
A [min-1] 8.7 x 107 2.3 x 1020 

k130˚C [min] 0.002 0.003 
k200˚C [min] 0.075 10.28 

Table 3. Onset temperature of oxidation for anhydrous milk fat (AMF) 

rates (k) calculated at 130 ˚C were similar for the non-hydrolyzed and hydrolyzed samples. 
However, the constant rate of hydrolyzed fat was dramatically higher than that of non-
hydrolyzed fat at 200˚C.    

The isokinetic temperatures of these two fats were calculated mathematically and 
graphically using equation (12) and Arrhenius plot, respectively. Figure 11 shows the 
compensation effect for the oxidation of non-hydrolyzed and hydrolyzed AMF rich in CLA. 
From this figure, the Tiso and kiso were obtained (Tiso = 120˚C and kiso = 0.0011 min). Similarly, 
the Tiso and kiso calculated mathematically with equation (12) were 118˚C and 0.0010 min, 
respectively. However, Tiso for non-hydrolyzed AMF is unrealistic since the start 
temperature of oxidation is around 155˚C. Therefore, oxidation of either non-hydrolyzed or 
hydrolyzed AMF rich in CLA does not exhibit a compensation effect. 
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Figure 11. Arrhenius plot for the non-isothermal oxidation of non-hydrolyzed and hydrolyzed 
anhydrous milk fat rich in CLA.  

7.2. Oxidative stability of AMF rich in CLA treated with pressure assisted 

thermal processing  

CLA is not stable upon thermal processing and significant losses of its biological activity 
occurred through oxidation [78]. The application of high pressure (100-600 MPa) to a 
preheated sample can preserve the biological activity of functional compounds [79]. This is 
because the rise in temperature due to adiabatic heating is used to reach the target 
temperature, reducing the thermal damage due to the lack of temperature uniformity that 
occurs in traditional thermal processes [80, 81]. This technology is known as pressure-
assisted thermal processing (PATP). Pressure alters interatomic distance, acting mainly on 
those weak interactions which bond energy is distance–dependent, such as van der Waals 
forces, electrostatic forces, hydrogen bonding and hydrophobic interactions of proteins. 
Based on the distance dependence, any pressurized sample would have its covalent bonds 
intact. This has been the central hypothesis in preserving the biological activity of functional 
compounds, such as ascorbic acid, folates, vitamins and anthocyanins [82-85].  

The effects of PATP conditions on the antiradical ability of CLA in AMF were reported [86]. 
CLA can donate hydrogen to form a CLA-free radical that further reacts to inhibit 
hydroperoxides formation, depending on the final CLA retention. This suggests that the 
retained CLA after PATP treatment might enhance the oxidative stability of AMF. After 
PATP treatments, samples of AMF rich in CLA were oxidized at 6˚C/min to calculate the 
start temperature of oxidation using the method described earlier in Section 5.1 of this 
chapter.  

Figure 12 shows the influence of the retained CLA on the start temperature of oxidation (Ts). 
The stability of AMF is influenced in a non-linear mode by the CLA retention. Values of the 
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start temperature of oxidation (~165-155˚C) were obtained when the CLA retention was 
between 85 to 100%. On the other hand, the lowest value of the start temperature of 
oxidation (141˚C) was obtained at 40% of CLA retention.  

 
Figure 12. Influence of CLA retention on the start temperature (Ts) of oxidation in anhydrous milk fat 
rich in CLA. 

A possible reason for the CLA-Ts relationship is that CLA can act as an antioxidant 
capturing those free radicals responsible for the lipid oxidation. This antioxidant behavior 
was clearly demonstrated in an earlier study by inducing lipid oxidation of fish oil by 
adding tert-butyl hydroperoxide. CLA effectively reduces lipid peroxidation as measured 
by chemiluminescence [86]. In addition, the antiradical or scavenging ability of CLA isomers 
measured by DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate) technique depended on the 
CLA concentration [87].  

8. Conclusions  

The use of DSC to analyse lipid oxidation is a reliable, simple and convenient technique. It 
provides qualitative and quantitative information and offers unique advantages, such as the 
small amount of sample use, short test time, and good reproducibility. Additionally, the 
effectiveness of a particular antioxidant can be evaluated using DSC, measuring changes in 
the oxidation onset times or temperatures. The data obtained from DSC lipid oxidation have 
been extensively studied and correlated with other oxidation methods, such as the Rancimat 
method, PV, spectrophotometric and GC analysis of fats and oils from various sources.  

A proper interpretation of DSC oxidation experiments should include sample composition, 
kinetic parameters (Ea, A, and k) in combination with the compensation theory. In 
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multicomponent systems, the fat sometimes needs to be extracted from the matrix. 
Therefore, the lipid oxidative behaviour might be different from its original matrix. The 
results obtained from DSC oxidation depend upon the conditions used to prepare the 
sample and the heating protocol used. Factors, such as degree of saturation, amount of free 
fatty acids, chain length and the presence of natural antioxidants influence the oxidative 
stability and kinetic parameters. DSC can be coupled with other analytical techniques, such 
as GC, NMR, HPLC, etc, to provide a better description of the oxidative stability of fats  
and oils. 
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