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Abstract
There is growing interest worldwide in the use of camelina oil for food as well as for biofuel purposes. For both of these 
applications, oxidative stability is an important feature of the oil. Therefore, the aim of this study was to test the thermal 
resistance to oxidation of three different cultivars of camelina oil i.e., Omega, Luna and Śmiłowska by means of isothermal 
and non-isothermal differential scanning calorimetry (DSC) oxidation measurement. For isothermal DSC analysis, different 
temperatures were tested (120, 140, 160 °C) and in the non-isothermal mode different scanning rates (1, 2, 5, 10, 15 °C  min−1) 
were used. To support the DSC data, chemical analyzes were also performed i.e., fatty acid composition, peroxide value, 
p-anisidine value, acid value and radical scavenging activity by 2,2-diphenyl-1-picrylhydrazyl (RSA DPPH). The isother-
mal test indicated that for all camelina oils the oxidation induction time (OIT) decreased with an increase in temperature 
on average from 69.83 min for 120 °C to 5.13 min for 160 °C. The OIT values corresponded very well with non-isothermal 
DSC results, for which the onset temperatures (Ton) increased with the increase of heating rate on average from 142.15 °C 
for 1 °C  min−1 to 185.75 °C for 15 °C  min−1. The parameters of DSC oxidative stability i.e., OIT as well as Ton values were 
negatively correlated with some unsaturated fatty acids content e.g., α-linolenic acid (C18:3, n-3) and positively with yel-
lowness b* and RSA DPPH. Oil from camelina seeds of Śmiłowska cultivar, which was characterized by the lowest content 
of α-linolenic acid and the highest b* value of color and RSA DPPH, was the most thermally stable oil.
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Introduction

Recent research concerning fats and oils with diverse com-
positional characteristics and usage suggested a revised 
approach toward the Camelina Sativa (L.) oil crop. This is 
due to its unique agronomic features, promising and sus-
tainable oilseed quality and it is being a condensed source 
of nutritive fatty acids. In the literature, Camelina Sativa 
(L.) has been described mostly as an ancient crop, hence it 
has been highlighted by the same authors as a good source 
of edible vegetable oil, which for decades was neglected 

in industrial and commercial usage [1–5]. As early as 
3000 years ago the cultivation of this crop was documented 
in Europe [6], and in his early study on camelina, Budin 
et al. [1] mentioned its cultivation in central Europe as an 
oil-bearing crop from 600 B.C. onwards. This annual flower-
ing oilseed plant belongs to the Cruciferae (Brassicaceae) 
family, which appears in spring and winter varieties [2, 
5–7]. Other names of camelina that have been mentioned 
are dodder oil, German sesame oil [8] or, false flax, gold of 
pleasure, Siberian oilseed or wild flax [7, 9]. This yellow 
flowering plant exhibits similarities with rapeseed plants' 
generic characteristics, since they belong to the same fam-
ily, and is similar to flaxseed oils in terms of two highly 
enriched essential n-3 fatty acids (C18:3, α-linolenic acid). 
Although studies have suggested that this plant is indigenous 
to Central European plain, it was replaced by the initiation 
of rapeseed plants after the 1940s [2]. Therefore, interest of 
camelina oil was been renewed, which resulted from the urge 
to find new potential uses for this oil, such as e.g., biofuels, 
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jet fuel, bio based-products, and feed [10]. Moreover, the fol-
lowing two beneficial features of this plant contribute to the 
growing interest in it. The first of these is its very favorable 
composition of fatty acids (high content of unsaturated fatty 
acids, about 90%), and the content of antioxidant compounds 
that affect high stability [1], 7, 11, 12. The second feature is 
the unique ability of camelina to adapt to various climatic 
and soil conditions [10]. Camelina is most often cultivated 
in poor and very poor soils, probably the least sensitive to 
soil water deficiency of all the plants in the Brassicaceae 
[13] family. With its being one of the richest vegetal sources 
of n-fatty acids, the nutritional values of camelina oil have 
been studied and evaluated by scientists in recent years. It 
has been shown that daily consumption of this oil brings 
remarkable health benefits, which include the prevention 
and treatment of hypertension, cardiovascular disease, obe-
sity and controlling blood glucose levels, LDL (low-density 
lipoprotein) oxidation, neurological dysfunction [7, 14–16]. 
At the same time, apart from its utility in the formulation 
of functional foods, and in nutraceuticals, pharmaceuticals 
and cosmetics industries, the raw camelina plant has been 
reported by many authors as being used as an excellent 
source of biodiesel compared to canola and soybean bio-
diesels for its unique fatty acid composition and low energy 
requirements during its agro life cycle [5, 15–18]. However, 
the fatty acid composition of this oil depends on the cultiva-
tion conditions [14, 18, 19] or extraction methods [13, 20, 
21]. Among the different extraction methods, cold pressing 
is now relatively popular due to its ability to retain the bio-
active compounds in the oils, which is of great importance 
from the nutritional point of view [14]. Several studies have 
compared the stability of cold-pressed camelina oils with 
other oils, where it has been found to be more stable than 
flaxseed oil and less stable than others [22–24]. Among the 
many different thermal analyzes used for oils and fats [25], 
differential scanning calorimetry (DSC) is very popular for 
testing the thermo-oxidative stability of oils under isother-
mal and non-isothermal conditions. Oxidative stability is 
one of the crucial parameters determining oil quality. Most 
methods for testing oxidative stability are based on analyz-
ing the oil at room temperature and many studies have been 
performed using camelina based on the traditional chemi-
cal methods (i.e., p-anisidine value, peroxide value and acid 
value determination) [4, 14, 22, 25, 26]. Due to the wide 
range of applications of camelina oil, it is also important 
to investigate the thermal oxidation stability of this oil by 
means of differential scanning calorimetry in various tem-
perature conditions. There is little research on this topic in 
the literature, and existing studies are either incomplete [20, 
22, 27] or concern the conditions of altered pressure (pres-
sure differential scanning calorimetry, PDSC) [5, 6, 23], 
which do not reflect the actual conditions of using the oil at 
high temperatures. The novelty of these studies consists in 

the investigation of the properties of oxidative stability of 
camelina varieties originating from the Wielkopolska region 
in Poland, which have not been tested in this respect so far 
using the DSC technique. In this part of Poland, camelina 
oil had been a traditional product since the ancient time, 
which is now registered under the name "Olej rydzowy 
tradycyjny" as a Traditional Speciality Guaranteed product 
in the European Union and the United Kingdom. Hence, 
the objective of this study was to determine the compre-
hensive characteristics of the thermo-oxidative stability of 
cold-pressed camelina oils procured from five different sup-
pliers in Poland, and of various cultivars. The DSC isother-
mal and non-isothermal experiments in various conditions 
were performed and the oxidation kinetic parameters were 
calculated and compared with the results of peroxide value, 
p-anisidine value, acid value, RSA DPPH, color and fatty 
acids composition.

Experimental

Materials

Three cultivars of Camelina Sativa L. seeds were collected 
during 2019 from Greater Poland region in Poland from 
different suppliers i.e., SEMCO manufactory (Śmiłowo, 
Poland) and Poznan University of Life Sciences (Dłoń 4, 
Miejska Górka). Total five oils samples were investigated 
from three cultivars, i.e., Omega -spring variety (CA OM), 
Luna -winter variety (CA LUA, CA LUB) and Śmiłowska 
-spring variety (CA SMA, CA SMB). Luna and Śmiłowska 
cultivars were obtained from two suppliers of seeds (A and 
B). These seeds were cold-pressed at a temperature below 
50 °C. After pressing, the oils were decanted for 24 h. Dur-
ing subsequent laboratory storage, they were kept at freezing 
temperature at − 80 °C in brown glass bottles.

Fatty acid composition

To determine the fatty acid composition of the camelina 
seed oils, gas chromatography-Flame Ionization Detector 
(GC-FID) was employed. All the samples were analyzed in 
two replications. Two drops of fat were dissolved in 1 mL of 
hexane (for HPLC, Sigma Aldrich). 1 mL of 0.4 N sodium 
methoxide was added. The samples were stirred and left for 
15 min, then 5 mL of distilled water was added and the top 
layer was taken off. By following the AOCS official method 
[29], fatty acid methyl esters were analyzed using a Trace 
1300 chromatograph (Thermo Fisher Scientific, Waltham, 
Massachusetts, USA). Separation was performed on a Supel-
cowax 10 capillary column (30 m × 0.2 mm × 0.2 μm), and 
injection was performed in split less mode. The sample vol-
ume was 1 µL. Hydrogen was used as the carrier gas. The 
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initial furnace temperature was 160 °C, and was increased 
from 12 °C  min−1 to 220 °C. The temperature of 220 °C 
was maintained for 20 min. Fatty acid methyl esters were 
identified on the basis of comparing the retention times in 
the sample and in the 37-Component FAME Mix (Supelco).

Color measurement

Color measurements of oils were carried out using the Kon-
ica Minolta CM-5 spectrophotometer and SpectraMagicNx 
software. The instrument was calibrated prior to starting the 
analysis transmission chamber, which can accurately meas-
ure both translucent and transparent liquid samples using a 
CM-A213 zero calibration plate (black calibration) followed 
by distilled water in a 10 mm CM-A98 glass cuvette (white 
calibration). The research was conducted using the Hunter 
Lab scale. Parameter L* was in the range from 0 to 100, and 
denoted the lightness of the color black to white. Similarly, 
the a* parameter, depending on the range, was determined 
by a green (below 0) and red (above 0) tinge and the b* 
parameter, which in the case of negative values defined the 
color blue, but in the case of positive values, this was yel-
low. The samples used were analyzed in three replications.

Determination of oxidative stability by DSC

Oxidative stability was determined by following the ISO 
11357-1 [30], and also implementing the ASTM D3895-14 
[31]. Oil samples were analyzed in DSC 7 Perkin Elmer 
along with an Intracooler II, operated with Pyris software. 
Both isothermal and non-isothermal protocol was followed 
to determine the oxidative stability characteristics of the oils. 
The instrument was calibrated using indium (m.p. 156.6 °C, 
ΔHf = 28.45  J   g−1) and n-dodecane (m.p. − 9.65  °C, 
ΔHf = 216.73 J  g−1), while 99.99% pure nitrogen gas was 
used as the purge gas. Oils samples of approximately 6–7 mg 
were weighed into open aluminum pans of 50 µL (Perkin 
Elmer, No. 02190041) and placed in the equipment’s sam-
ple chamber. The reference was the same open and empty 
aluminum pan. For the isothermal program, temperature of 
120, 140 and 160 °C was maintained with a constant oxy-
gen flow of 20 mL  min−1 (purity 99.995%). Based on the 
obtained curves, parameters denoted as oxidation induction 
time (OIT), oxidation end time (OET), length of oxida-
tion Δt = OET-OIT, and rate of oxidation were determined. 
Determination of OIT was done after normalization of oxi-
dation DSC curve, as the intersection of the extrapolated 
baseline and the tangent line to the descending exotherm, 
while OET value was measured at the minimum value of 
the heat flow of the exotherm, which expresses the end of 
the propagation and beginning of the termination stage of 
oxidation.

The oxidation rate was calculated according to the fol-
lowing equation:

where Y1—heat flow at OIT point [W  g−1], Y2—heat flow 
at OET [W  g−1], Δt—length of oxidation [min].

The non-isothermal analyzes were carried out by apply-
ing the heating rate of 1, 2, 5, 10 and 15 °C  min−1, maintain-
ing the oxygen flow 20 mL  min−1. From the oxidation curves 
the onset temperature (Ton) and the end temperature (Tend) 
were calculated. The value of Ton was the onset temperature 
determined as the intersection of the extrapolated baseline 
and the tangent line to the descending curve of the recorded 
exotherm, whilst, Tend was measured as the temperature at 
the minimum value of the heat flow, which represents the 
end of the propagation and start of the termination stage. 
Oils samples were analyzed in two replications for all DSC 
experiments.

Chemical determination of oxidative stability

Measurement of p-anisidine value (pAV) as a measure of 
the level of secondary oxidative products was carried out 
according to ISO 6885:2016 [32]. Spectrophotometric meas-
urements were taken with a quartz cuvette with a 10 mm 
optical path length. Peroxide value (PV) was determined 
by following the ISO 3960:2007 procedure [33]. The 
total oxidation value (TOTOX) parameter was calculated 
based on the pAV and PV values by the following formula 
TOTOX = pAV + 2PV, expressing the overall rate of oil oxi-
dation. Acid value (AV), as an indicator of the degree of 
hydrolytic changes, was measured according to the official 
AOCS method [34]. All chemical analyzes were done in 
three replications.

Radical scavenging activity by DPPH (RSA DPPH)

The DDPH (2,2-diphenyl-1-pikrylhydrazyl) method was 
used to evaluate the antioxidant activity of the oils. The 
method is based on the ability of the oil to scavenge the 
 DPPH• radicals (0.04  mM). In brief, 10 µL of the oil 
was added to 990 µL of  DPPH• radical in ethyl acetate 
(0.04 mM) and mixed. The mixture was incubated for one 
hour in the dark at ambient temperature. Then, the spectro-
photometric measurements at 517 nm were performed with 
a Varian Cary 1E (Berlose, Australia) using ethyl acetate as 
a blanc. Results are expressed as Trolox equivalents (TE) in  
mmol L−1. A Trolox calibration curve in the range from 0 
to 15 µM was prepared with a slope of 5.3668. All oils were 
analyzed in two replications.

(1)oxidation rate = (Y1 − Y2)∕Δt
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Statistical analysis of results

The results were presented in the form of mean and stand-
ard deviation. The first stage in the statistical analysis con-
sisted in verifying variance homogeneity using the Hartley-
Cochran-Bartlett test. In the case of variance homogeneity, 
one-way analysis of variance (ANOVA) was used and 
Tukey's test was applied to create statistically homogene-
ous groups. In turn, when variances were not homogene-
ous, non-parametric tests were used, i.e., ANOVA and the 
Kruskal–Wallis rank test. Additionally, principle compo-
nent analysis (PCA) was performed to show the relation-
ships between variables and detect some patterns between 
variables and objects. The analysis also enables the dataset 
to be reduced from a higher to a lower dimensional level. 
Statistical analysis of recorded results was performed using 
Statistica 13.3 software (TIBCO Software Inc. USA) at a 
significance level of α = 0.05.

Results

Chemical characteristics of cold‑pressed camelina 
oils

Fatty acid (FA) composition analysis is one of the most 
important for the characterization of edible oils. The FA 
profile of cold-pressed camelina seed oils is presented in 
Table 1, which shows its very high content of unsaturated 
fatty acids (UFA), around 90%, and low content of satu-
rated fatty acids (SFA), varying between 8.73% to 10.36% 
for different cultivars. These results are in a similar range 
to those obtained by other authors [18, 23]. Among the 
UFAs, α-linolenic acid, C18:3, n-3 (ALA) showed prepo-
tent presence, around 30–37%, which is consistent with other 
studies [5, 11, 28]. The highest amount of ALA (37.17%) 
was determined in the Omega cultivar. Similar content of 
ALA (36.88%) in this cultivar was also found by Kurasiak-
Popowska et al. [30]. The next most abundant UFAs were 
linoleic acid, C18:2 (LA), ranging from 15.31 to 20.97% 
and oleic acid, C18:1 (15.16–18.29%). Comparing camelina 
cultivars, Śmiłowska had the highest content of LA, while 
other authors reported lower or a similar content of LA, for 
example, 16.1–18.6% was mentioned by Hrastar et al. [29], 
and 18.5% by Berti et al. [10]. Among the other unsatu-
rated fatty acids, the eicosenoic acid C20:1 was found in a 
range from 13.26 to 15.83%, which is a specific fatty acid 
for camelina oil. At a relatively low level, the saturated fatty 
acids (SFA) were detected: palmitic acid, C16:0 with around 
5% and stearic acid, C18:0 with around 2%. Another impor-
tant parameter calculated from the results of FA composition 
is the ratio of fatty acids n-3 to n-6. In our study, it was found 
to be within the range from 1.4 to 2.4, where Ratusz et al. 

[6] reported the ratio in the range from 1.79 to 2.17. Figure 1 
shows the results of peroxide (PV), p-anisidine (pAV), acid 
(AV) and TOTOX values determination in camelina oils. 
These chemical analyses confirmed the good quality of the 
freshly pressed camelina oil samples. As the oil samples are 
fresh, the pAV is expected to be low, since there was not 
enough time to form secondary oxidation products in the 
oil. For the camelina oil varieties, pAV ranged from 0.20 to 
0.28, which is comparatively lower than the values obtained 
by Ratusz et al. [6] (0.22–1.48) and Symoniuk et al. [24] 
(0.45–0.67). Similarly, the peroxide values for all camelina 
cultivars did not exceed the required limits by the Codex Ali-
mentarius standards [31], which states that the values for PV 
cannot be higher than 15 meq  O2kg−1. All the camelina oil 
varieties were quite consistent with the PV value and ranged 
from 2.63 to 4.31, which is a slightly higher range than that 
obtained by Ratusz et al. [6] (0.89–3.49 meq  O2kg−1), Ratusz 
et al. [5] (0.79–2.04 meq  O2kg−1) and Symoniuk et al. [24] 
(2.37–3.00 meq  O2kg−1). On the other hand, Raczyk et al. 
[23] obtained a similar range (1.20 to 4.88 meq  O2kg−1), and 
Hrastar et al. [29] obtained an even higher range by experi-
menting with oils from different growing seasons (0.74 to 
8.85 meq  O2kg−1). For this experiment, though all the oils 
PV values were relatively low, the SM B variety had the 
lowest value (2.63 meq  O2  kg−1) and the highest was for 
the Omega (CA OM) variety (4.31 meq  O2  kg−1). The next 
measured parameter was the acid value (AV), ranging from 
0.4 to 1.90 mg KOH  kg−1, which obviously indicates the low 
content of free acids in the oil, as they were freshly pressed. 
These values are similar to those obtained by Raczyk et al. 
[23] (0.53–0.89 mg KOH  kg−1). Among the oils, LU A had 
the lowest value at 0.43 and LU B had the highest value at 
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1.90 mg KOH  kg−1. The total oxidation state (TOTOX) of 
these oils was also calculated and the range of values dif-
fered significantly between the varieties, ranging from 5.43 
to 8.89. An almost similar range was obtained by Ratusz 
et al. [6] (2.40–7.83). Another study revealed values from 
3.38 to 10.22 [23], and Symoniuk et al. [24] obtained results 
from 5.28 to 6.45. Among the varieties investigated in this 
study, the OM variety exhibited the highest TOTOX value 
(8.89) and the SM B variety the lowest (5.43).

DSC isothermal and non‑isothermal 
thermo‑oxidative stability of camelina oil

The thermo-oxidative stability of camelina oil was meas-
ured by means of the DSC technique in isothermal and non-
isothermal (dynamic) mode. Figure 2 shows the curves for 
all camelina varieties obtained by isothermal oxidation at 
120 °C (A), 140 °C (B), 160 °C (C). It can be seen that 
the higher the temperature, the faster the oxidation pro-
cess, the start point of which is marked as the intersection 
of the baseline with the tangent to the descending curve 
(OIT). Figure 3 shows four graphs of oxidation parameters, 
calculated from the DSC curves: OIT (A), OET (B), the 
length of oxidation (C) and rate of oxidation (D). Oxidation 
induction time (OIT) is a parameter that shows the start-
ing point of oxidation. Generally, for all camelina varieties, 
the OIT ranged between 61.38 and 76.20 min for 120 °C, 
between 17.02 and 20.67 min for 140 °C and between 4.48 
and 5.87 min for 160 °C. This experiment revealed that for 
all temperatures (120, 140, 160 °C) the Śmiłowska variety 
turned out to be the most stable, as the highest OIT values 
were recorded for it. It also shows that for the OM and LU 
A varieties, the OIT values were the lowest, so they oxidized 
in the shortest time. Most of the research on the oxidative 
stability of camelina done by isothermal DSC was carried 
out under increased pressure, otherwise known as PDSC. 
In those conditions, lower oxidation induction times (OIT) 
were always recorded than in the case of DSC analysis under 
normal pressure. In the literature, only data on the stability 
of camelina oil pressed from roasted and unroasted seeds 

of unknown cultivars were found, which was done using 
the DSC technique under normal pressure. Różańska et al. 
[28] found as 8.96 min for unroasted seeds and 8.70 min for 
roasted seeds for spring camelina (SC) cultivation for 140 
°C OIT values, while for winter camelina (WC) the OIT val-
ues were 7.79 min (unroasted seeds) and 9.98 min (roasted 
seeds). Oxidation end time (OET) parameter was also meas-
ured (Fig. 3B), which expresses the end of the propagation 
and beginning of the termination stage of oxidation. Data 
shows that for all isothermal conditions (120 °C, 140 °C and 
160 °C), the lowest OET was recorded for the Omega variety 
and the highest for the Śmiłowska (SM B) variety, which cor-
responded with the OIT values. As it can be seen in Fig. 3B, 
for the temperature of 120 °C, the OET range was between 
85.77 and 101.41 min, for 140 °C it was between 29.75 and 
33.69 min, and for 160 °C between 10.36 and 12.34 min. 
However, Różańska et al. [28] also reported the OET for SC 
as 18.58 min (roasted) and 22.74 min (unroasted), in turn 
for WC as 14.96 min (roasted) and 17.94 min (unroasted) 
in a 140 °C temperature program. Ratusz et al. [5] tested 
samples of camelina oil obtained from the local market using 
the PDSC technique and several temperature programs were 
adopted (i.e., 90, 100, 110, 120, 130 °C) for studying oxida-
tive stability, where for 130 °C values of OET were found 
between 14.08 and 16.83 min. In another experiment, Ratusz 
et al. [6] used the PDSC technique with 100 °C isother-
mal measurement, where the OET values ranged between 
146.7 to 165.2 min. On the other hand, Symoniuk et al. [24] 
presented results obtained at 120 °C temperature using the 
PDSC technique for camelina oils, where the OET values 
were shown between 17 and 28 min. In a study of thermo-
oxidative properties, along with OIT and OET parameters, 
the length of oxidation (Δt) parameter was calculated as a 
difference (Δt = OET-OIT) and presented in Fig. 3C. The 
values obtained for this parameter show that the lower the 
isothermal temperature, the longer the length of oxidation, 
as at 160 °C it was in the range of 5 to 6 min, at 140 °C 
between 12 to 13 min and at 120 °C, the range of Δt was 
between 22 to 27 min for different varieties. However, no 
significant differences (p > 0.05) were observed between 
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varieties. Unlike these results, Różańska et al. [28] estab-
lished Δt for roasted camelina seeds oils as 4.98 min (WC) 
and 9.88 min (SC), and unroasted samples as 10.15 min 
(WC) and 13.78 min (SC) at 140 °C with statistically sig-
nificant differences (p ≤ 0.05). A study of the rate of oxida-
tion was also presented in this study (Fig. 3D), which was 
calculated according to Eq. (1). By comparing the data for 
different temperature programs, oils analyzed at 140 °C were 
oxidized at a four times higher rate than at 120 °C. However, 
in the 160 °C program, the rate was also three to four times 
higher than in the 140 °C program. It is worth mentioning 
that among all the varieties, Luna (LU A) variety oxidized 
at a higher rate than any other varieties, however differences 
were not statistically significant. A comparative study for 
cold-pressed flaxseed oils was published by Tomaszewska-
Gras et al. [32], where at 140 °C the oxidation rate was three 
times higher than at 120 °C for all varieties of flaxseed oils. 
Figure 4 shows the relationship between the DSC parameters 
measured (OIT, OET, Δt, oxidation rate) and the tempera-
tures used for the analysis (120, 140, 160 °C). In Fig. 4A, 

the data fitted to the exponential function are shown for 
OIT, OET and Δt with high coefficient of determination of 
R2 = 0.99, and in Fig. 4B fitting of oxidation rate curve to the 
exponential function with R2 = 0.96. Equations are presented 
as they can be used for predicting the oxidation start point in 
different thermal conditions.

For comprehensive characteristics of thermo-oxidative 
stability measurements, analysis in non-isothermal (dynamic) 
mode was carried out at different heating rates i.e., 1, 2, 5, 10, 
15 °Cmin−1 by means of DSC In Fig. 5 selected curves for 2, 
5, 10 °Cmin−1 are presented. Two parameters were determined 
from the curves: the onset temperature (Ton), corresponding 
to the beginning of oxidation and the end temperature (Tend), 
which represents the end of the propagation stage and begin-
ning of the termination stage, at which stable products are 
formed. On the basis of the obtained non-isothermal curves, 
it can be observed that the oxidation process proceeded in two 
different ways: for heating rate of 1, 2, 5 °C  min−1 and for 10 
and 15 °C  min−1. Differences can be noticed in the region of 
the curves around the minimum value of heat flow after the 
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decrease in exotherm i.e., Tend. For scanning rate 1, 2, 5 °C 
 min−1 after reaching the Tend point, the curve rises sharply, 
while for scanning rate 10 and 15 °C  min−1, before reaching 
the Tend point, it can be observed that there is a plateau after the 
exotherm drop. Generally, it can be seen that as the heating rate 
increases, the temperature at which curves go downwards (Ton) 
also increases. In Fig. 6A, data obtained for the Ton parameter 
can be compared for the scanning rates 1, 2, 5, 10 and 15 
°Cmin−1. For various camelina oil cultivars, the Ton occurred 
at different ranges of temperatures upon exposure to various 
heating rates. In brief, data for scanning rate 1 °C  min−1 shows 
that Ton was lowest for OM sample (139.64 °C) and highest 
for SM B sample (143.65 °C) and for 2 °C  min−1, Ton ranged 
between 152.14 °C for OM and 155.88 °C for the SM A. 
Temperature resistance increased for the 5 °Cmin−1 scanning 
rate, where the range changed between 165.57 °C (LU A) and 
169.98 °C (SM A) and for scanning rates 10 °Cmin−1, 176.95 
°C (LU A) and 181.31 °C (SM A). Whilst, for scanning rate 15 

°Cmin−1, temperature ranged from 183.01°C (OM) to 187.71 
°C (SM A). However, for all the scanning rates (1, 2, 5, 10 and 
15 °C  min−1) the differences between mean values of Ton were 
significant (p ≤ 0.05) for the different varieties. Summarizing 
the results for all heating rates, the Omega and Luna (LU A) 
variety showed less stability, as the Ton values were lowest, and 
the Śmiłowska variety exhibited the highest stability with high 
Ton values. Values of temperatures measured at the Tend point 
are presented in Fig. 6B for different scanning rates. Observa-
tions from the dataset show no statistically significant differ-
ences between the varieties (p > 0.05), except for the scanning 
rate 1 °C  min−1, for which Tend values ranged from 152.25 
°C to 155.46 °C and differed significantly between varieties 
(p ≤ 0.05). In Fig. 7 logarithmic relationship is shown between 
scanning rate and parameters of Ton and Tend. It can be seen 
that with an increase in scanning rate, the thermal resistance of 
oils to oxidation increases, which can be expressed logarithmi-
cally with coefficient of determination of R2 = 0.99 (Ton) and 
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R2 = 0.90 (Tend). The equations presented in the figure can be 
used for predicting the temperatures of oxidation at various 
scanning rates.

Discussion

Kinetics oxidation analysis

The results of DSC isothermal and non-isothermal meas-
urements show that there are differences in oxidative sta-
bility depending on the variety and conditions of analysis 

i.e., temperature in isothermal DSC and scanning rate in 
non-isothermal DSC. In order to summarize the DSC results 
for different cultivars, kinetic analysis was carried out, the 
results of which are listed in Table 2.

Results obtained during the DSC experiments are rec-
ognized as a first order reaction, which resembles those of 
other studies [33–35]. To carry out the calculation, data was 
analyzed by following the Ozawa-Flynn-Wall method [36] 
adapted by other authors [5, 33, 37, 38]. To calculate acti-
vation energy Ea, first inversed values of onset temperature 
(Ton) expressed in Kelvin were plotted against scanning rates 
(β) of 1, 2, 5, 10 and 15 °C  min−1, expressed as log β. The 
value of the slope from the plot logβ = f  (T−1) for all varieties 
of camelina oils was calculated, since they are needed for 
further calculation of the activation energy (Ea, kJ  mol−1).

where β is the heating rate (K  min−1), T is the onset tem-
perature (K).

Activation energy, Ea was calculated from Eqs. (3):

and pre-exponential factor Z  (min−1) was calculated from 
the following equation

After this, Z values was used for calculation of reaction 
rate constant (k,  min−1):

(2)log � = a
1

T
+ b

(3)Ea = −2.19R
d log �

dT−1

(4)
Z =

� ∗ Ea ∗ e
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Additionally the half-life time (t1/2) was calculated from 
the equation:

where R is the universal gas constant (8.31 J  mol−1). By 
plotting the values, it was possible to compute the activation 
energy (Ea, kJ  mol−1), reaction rate constant, (k,  min−1), pre-
exponential factor (Z,  min−1), and half-life time as (t1/2, min).

By considering the data obtained in Table 2, the values 
of activation energy Ea ranged from 96.49 kJ  mol−1 (CA 
LU A) to 92.17 kJ   mol−1 (CA LU B), respectively. The 
values descended in the following order CA LU A > CA 
SM B > CA SM A > CA OM > CA LU B. Coherently, the 
pre-exponential factor (Z) followed approximately the 
same order, as the CA LU A showed the highest Z value 
9.65 ×  1010, while for the CA LU B it was 2.30 ×  1010. In 
Table 2 it has been shown that, there were no significant 
differences (p > 0.05) between the camelina oils varieties 
concerning the activation energy values. Similar results of 
Ea for camelina oil were obtained by other authors, ranging 
between 91.9 and 122 kJ  mol−1 for camelina oil extracted by 
different methods [21], or between 87.63 and 93.61 kJ  mol−1 
for six different commercial camelina oils [5]. The results 
of Ea obtained by Adhvaryu et al. [39] ranged from 63 to 
88 kJ  mol−1 for different unmodified vegetable oils, such 
as cottonseed, corn, canola, sunflower oil, soybean oil and 
genetically modified high oleic sunflower and high oleic 
safflower oils. Adhvaryu et  al. [33] suggested that the 
PUFA and SFA content does not fully explain the variation 
in  Ea values or the other kinetic behaviors. Baokun et al. 
[37] showed that the SFA rich refined palm oil exhibited 
a noticeably high Ea value (134.7 kJ  mol−1), while PUFA 
rich safflower oil showed a lower Ea value (86.05 kJ  mol−1) 
for all experimented scanning rates at 5, 7.5, 10, 12.5, and 
15 °C  min−1. Besides activation energy, it is recommended 
to evaluate the oxidative stability of the oils based on the 
other kinetic parameters. The values of the oxidation rate 
constant (k) and half-life time as (t1/2) were also taken into 
consideration, as these parameters enable the thermal behav-
ior of the oils in other thermal conditions to be predicted. 
In Table 2 the k values are presented for different camelina 
varieties calculated for the temperature of 441 K. The rate 
constant ranged from 0.25  min−1 for the Śmiłowska culti-
var (CA SM A) to 0.35  min−1 for Luna cultivar (CA LU 
A). Statistically, rate constant k did not differ significantly 
for samples CA LUB, CA SMA, CA SMB (p > 0.05), while 
for the samples OM and CA LUA mean values were sig-
nificantly different (p ≤ 0.05). Similarly, the half-life time 
(t1/2) values were lower for the low stable oils (CA OM and 

(5)k = Ze

(

−Ea

RT

)

(6)t1∕2
=

ln 2

k

CA LUA), and higher for the more stable varieties (CA LU 
B, CA SM A, CA SM B). Table 2 shows that, all the oil 
varieties were showing significant differences (p ≤ 0.05) 
regarding half-life time (t1/2). The values of the k constant 
correspond well with the rate of oxidation calculated for the 
isothermal test, which are shown in Fig. 3D, where it can 
be seen that the same three samples of camelina oil (CA 
LU B, CA SM A, CA SM B) were characterized by the 
lowest values. In other study the reaction rate constant k 
of camelina oils, measured at a scanning rate from 2.5 to 
15 °C  min−1, was reported between 0.19 and 0.41  min−1 
[21]. Since the oxidation kinetic parameters presented in 
Table 2 show differences between the camelina cultivars, 
analysis of correlations between all the oxidation param-
eters and fatty acid composition was carried out (Table 3). 
As can be seen in Table 3, significant positive correlation 
coefficients were found between saturated and unsaturated 
fatty acids (C16:0, C18:0, C18:1, C18:2) and DSC oxida-
tion parameters. In turn, between two unsaturated fatty acids 
(C20:1, C18:3, n-3) and DSC oxidation parameters a nega-
tive correlation was established, the higher the content of 
unsaturated fatty acids, the lower the OIT and Ton values and 
the lower the oxidative stability of the oils. Similarly, high 
positive correlation coefficients were found between those 
fatty acids (C20:1, C18:3, n-3) and oxidation rate constant k, 
so the higher content of unsaturated FA, the faster the oxida-
tion reaction. It has also been proved in other studies that the 
oxidative properties of camelina oils rely on upon the MUFA 
and PUFA contents [5, 6, 23, 24, 27]. However, the question 
may arise as to whether differences between oxidative stabil-
ity can only be explained by the fatty acid composition. The 
explanation for the differences in oxidative stability could 
also be found in the antioxidant activity of different camelina 
cultivars. In Table 4, the results of the RSA DPPH analysis 
and color measurement are presented. Color measurement 
can indicate the content of compounds responsible for the 
color of camelina oil like carotenoids, which are compounds 
of antioxidant activity. Color measurement was expressed as 
L*, a* and b*, for which significant differences (p ≤ 0.05) 
between the varieties were determined. The lowest values 
of L*, representing the lightness of oil, were measured in 
sample CA SM B and the highest in sample CA OM. For 
three samples (CA LU B, CA SM A, CA SM B) very high 
values of b * were observed, representing the yellowness 
of the oils. Among all the oils, the sample CA LU B had 
the highest b* value (96.07), which can indicate the highest 
carotenoid content. This result can be compared with the 
study done by Itle et al. [39], where they found high cor-
relation between b* value with lutein carotenoid (r = 0.87), 
and also total carotenoids (r = 0.75). Another study has 
confirmed the presence of noticeable lutein content in Luna 
varieties of camelina oil as 9.35 mg  L−1 [30]. Comparing 
to the results of the antioxidant activity RSA DPPH, shown 
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in Table 4, the highest values were also observed for CA 
LUB and CA SM. Correlation analysis between the antioxi-
dant activity (RSA DPPH) and DSC oxidation parameters 
(Table 5) revealed that for all the DSC parameters meas-
ured (OIT, Ton), high positive correlation coefficients were 
obtained, which means the greater the antioxidant activity, 
the higher the DSC parameters (time or temperature) and 
the more stable the oils. Significant correlation coefficients 
were also found between all DSC parameters measured and 
parameter a* and b* of color measurement. An analysis of 

the correlation between RSA DPPH and parameters of a*, 
b* revealed significant positive correlations with Pearson’s 
coefficients r = 0.732 and r = 0.885, respectively.

Principle component analysis (PCA)

PCA was applied to investigate the structure of the relation-
ships between all variables i.e., OIT (120, 140, 160 °C), Ton 
(1, 2, 5, 10 and 15 °C  min−1), fatty acids (C16:0, C18:1, 
C18:2, C18:3 n-3, C20:1), kinetic data parameters (Ea, 

Table 1  Fatty acid composition 
expressed as a percentage of 
total fatty acid (%) for various 
cultivars of camelina seed oils

All values are mean ± standard deviation of two measurements (n = 2), (abcde) means with the same super-
script within the raw are not different (p > 0.05). ƩSFA—total of saturated fatty acid. ƩMUFA—total of 
monounsaturated fatty acid. ƩPUFA—total of polyunsaturated fatty acid. UFA/SFA—ratio of total of 
unsaturated fatty acid to total of saturated fatty acid. CA OM (Omega Cultivar), CA LUA and CA LUB 
(Luna Cultivar) and CA SMA and CA SMB (Śmiłowska Cultivar)

Fatty acids Camelina cultivar

CA LUA CA LUB CA OM CA SMA CA SMB

FFA (%) 0.45c ± 0.01 0.22a ± 0.01 0.95e ± 0.02 0.51d ± 0.01 0.34b ± 0.01
C16:0 5.01b ± 0.0 5.37c ± 0.04 4.61a ± 0.01 5.78d ± 0.01 5.78d ± 0.04
C18:0 1.93a ± 0.01 2.50e ± 0.01 2.16b ± 0.04 2.36d ± 0.00 2.33c ± 0.01
C18:1 15.16a ± 0.03 18.29d ± 0.00 16.19b ± 0.00 17.45c ± 0.02 17.50c ± 0.00
C18:2 18.85b ± 0.13 20.97d ± 0.06 15.31a ± 0.01 20.76c ± 0.06 20.45c ± 0.01
C18:3, n-6 0.14a ± 0.01 0.17a ± 0.04 0.14a ± 0.01 0.13a ± 0.00 0.14a ± 0.01
C18:3, n-3 34.39d ± 0.05 30.25a ± 0.09 37.17e ± 0.05 30.84b ± 0.01 32.51c ± 0.01
C20:0 1.37 a ± 0.00 1.61bc ± 0.04 1.44ab ± 0.06 1.62c ± 0.00 1.54abc ± 0.07
C20:1 15.49d ± 0.12 14.33c ± 0.01 15.83a ± 0.01 14.02b ± 0.06 13.26a ± 0.00
C20:2 2.03c ± 0.03 1.56ab ± 0.01 1.52a ± 0.01 1.56ab ± 0.01 1.62b ± 0.02
C20:3 1.35c ± 0.01 0.94a ± 0.02 1.30c ± 0.01 0.97a ± 0.00 1.06b ± 0.02
C22:0 0.30a ± 0.01 0.36bc ± 0.01 0.34b ± 0.01 0.12a ± 0.01 0.35bc ± 0.00
C22:1 3.42c ± 0.06 3.01b ± 0.04 3.39c ± 0.01 3.42c ± 0.04 2.77a ± 0.00
C22:2 0.23b ± 0.01 0.18a ± 0.00 0.18a ± 0.01 0.21ab ± 0.01 0.20ab ± 0.02
C24:0 0.13a ± 0.00 0.22b ± 0.01 0.24b ± 0.01 0.22b ± 0.00 0.22b ± 0.01
ΣSFA 8.73 10.06 8.77 10.36 10.22
ΣMUFA 34.07 36.63 35.41 34.88 33.53
ΣPUFA 56.97 54.05 55.60 54.46 55.96
n-3/n-6 1.8 1.4 2.4 1.5 1.6
UFA/SFA 10.4 8.9 10.4 8.6 8.8

Table 2  Kinetic parameters for 
non-isothermal DSC oxidation 
test of cold-pressed camelina oil

Ea—activation energy, Z—pre-exponential factor, k—oxidation rate constant, calculated for T = 441  K, 
t1/2—half-life time, R2 –coefficient of determination. CA OM (Omega Cultivar), CA SMA, CA SMB 
(Śmiłowska cultivar), CA LUA, CA LUB (Luna cultivar). All values are mean ± SD, (a−d) means with the 
same superscript within the same column are not different (p > 0.05)

Camelina
Cultivar

Kinetic parameters

Ea /kJ  mol−1 Z/min−1 k /min−1 t 1/2 /min R2

CA OM 93.30 ± 2.65a 4.01 ×  1010 0.31 ± 0.01b 2.21 ± 0.07b 0.9952
CA LUA 96.49 ± 1.38a 9.65 ×  1010 0.35 ± 0.01c 2.00 ± 0.05a 0.9991
CA LUB 92.17 ± 1.34a 2.30 ×  1010 0.27 ± 0.00a 2.55 ± 0.04c 0.9994
CA SMA 93.36 ± 1.04a 2.94 ×  1010 0.25 ± 0.00a 2.73 ± 0.03d 0.9973
CA SMB 94.79 ± 1.67a 4.89 ×  1010 0.28 ± 0.00a 2.51 ± 0.02c 0.9995
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k), b*, RSA DPPH and to classify the objects in terms of 
camelina varieties. Based on the eigenvalue plot, which 
showed that around 96.7% of the variation in the data can 
be explained by four principal components, since for the first 
two PCs 88.35% of total variance was explained. A projec-
tion of the variables and a projection of the cases on the 
principal component plane with PC1 and PC2 on the X and 
Y axes, respectively, are presented in Fig. 8. The plot in 
Fig. 8A depicts the relations between variables and the plot 
of scores (Fig. 8B), distribution of objects (samples). As can 
be seen from Fig. 8A, the first PC1 explains the observed 
variability in 77.76% and PC2 in 10.59%. For the first 
principal component (PC1), the highest correlations were 
observed for the variables of oxidation constant k (−0.92), 
fatty acid content i.e., C18:3 (− 0.89) and C20:1 (− 0.93), for 
which vectors were located on the negative side of X axis 
and on the opposite side were variables positively correlated 
with PC1 i.e., C16:0 (0.95), RSA DPPH (0.94), b* (0.98), 

Table 3  Pearson’s correlation 
coefficients between fatty acid 
composition and DSC oxidation 
parameters of cold-pressed 
camelina oil

OIT—oxidation induction time for various temperatures: 120, 140, 160  °C,  Ton—onset temperature for 
various heating rates 1, 2, 5, 10, 15 °C  min−1, Ea—activation energy (kJ  mol−1), k -oxidation rate constant 
 (min−1),
*Correlation not significant statistically, (α = 0.05)

Parameters Fatty acids %

C16:0 C18:0 C18:1 C18:2 C20:1 C18:3n:3

OIT (120 °C) 0.977 0.525* 0.598* 0.871  − 0.948  − 0.783
OIT (140 °C) 0.878 0.761 0.784 0.746  − 0.859  − 0.776
OIT (160 °C) 0.880 0.736 0.800 0.778  − 0.960  − 0.747
Ton (1 °C  min−1) 0.900 0.541* 0.609* 0.870  − 0.866  − 0.812
Ton (2 °C  min−1) 0.922 0.699 0.724 0.760  − 0.855*  − 0.785
Ton (5 °C  min−1) 0.836 0.858 0.866 0.681  − 0.823  − 0.772
Ton (10 °C  min−1) 0.908 0.824 0.848 0.807  − 0.890  − 0.856
Ton (15 °C  min−1) 0.887 0.809 0.844 0.864  − 0.865  − 0.912
Ea  − 0.072*  − 0.651  − 0.590*  − 0.064* 0.125* 0.274*
k  − 0.755  − 0.911  − 0.907  − 0.610 0.769 0.730

Table 4  Color measurement 
L*, a*, b* values and the 
antioxidant activity (RSA 
DPPH) of cold-pressed 
camelina oil

All values are mean ± standard deviation of three (n = 3) for color measurements and (n = 2) for RSA DPPH 
measurements,(abcde) means with the same superscript within the same column are not different (p > 0.05). 
CA OM (Omega cultivar), CA SMA, CA SMB (Śmiłowska cultivar), CA LUA, CA LUB (Luna cultivar) 
varieties of camelina seed oils

Camelina cultivar Color RSA DPPH
/µmol  TEg−1

L* a* b*

CA OM 89.90e ± 0.03  − 1.23b ± 0.00 45.93a ± 0.02 1.26a ± 0.02
CA LU A 82.73b ± 0.00 0.12a ± 0.00 55.52b ± 0.01 1.21a ± 0.01
CA LU B 86.69d ± 0.01  − 3.2c ± 0.00 96.07e ± 0.02 1.39b ± 0.03
CA SM A 85.57c ± 0.01 0.11a ± 0.00 94.60d ± 0.01 1.52c ± 0.00
CA SM B 81.71a ± 0.02 0.82d ± 0.00 91.21c ± 0.01 1.42b ± 0.00

Table 5  Pearson’s correlation coefficients calculated between DSC 
oxidation parameters and L*, a*, b*, RSA DPPH for cold-pressed 
camelina oils

OIT (min)—Oxidation induction time,  Ton—onset temperature, 
Ea—activation energy (kJ  mol−1), k -oxidation rate constant  (min−1), 
*Correlation not significant statistically, (α = 0.05)

Parameters RSA DPPH Color

L a* b*

OIT (120 °C) 0.806  − 0.669* 0.945 0.867
OIT (140 °C) 0.896  − 0.244* 0.777 0.881
OIT (160 °C) 0.798  − 0.467* 0.891 0.893
Ton (1 °C  min−1) 0.767  − 0.592* 0.908 0.856
Ton (2 °C  min−1) 0.953  − 0.283* 0.787 0.881*
Ton (5 °C  min−1) 0.973  − 0.073* 0.714 0.895
Ton (10 °C  min−1) 0.958  − 0.251* 0.833 0.947
Ton (15 °C  min−1) 0.906  − 0.304* 0.874 0.966
Ea  − 0.382*  − 0.542*  − 0.030*  − 0.325*
k  − 0.946  − 0.055*  − 0.639  − 0.863
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Ton (0.97), OIT (0.92). The distribution of camelina samples 
in terms of cultivars is shown in Fig. 8B. They were divided 
into four clusters. The first (CA SMA, CA LUB) and second 
(CA SMB) clusters, located on the positive side of X axis, 
consist of the most stable camelina oils characterized by the 
highest oxidative stability by means of RSA DPPH and OIT 
values. Those samples were placed on the opposite side to 
the third and fourth cluster (CA LUA, CA OM), for which 
the lowest values of PC1 were obtained (the lowest oxidative 
stability, the highest content of unsaturated fatty acids, the 
lowest b* and RSA DPPH).

Conclusions

The aim of this study was to assess the thermal stability of 
cold-pressed camelina seed oils by means of DSC isothermal 
and non-isothermal, dynamic tests. The results of oxidation 
induction time (OIT) obtained in isothermal mode at 120, 
140 and 160 °C clearly show that Omega and Luna (CA 
LU A) cultivars were the least stable, while the Śmiłowska 
variety was the most resistant to oxidation. Generally, for all 
camelina oils, oxidation induction time (OIT) decreased with 
an increase in temperature (isothermal test) on average from 
69.83 min for 120 °C to 5.13 min for 160 °C. In addition to 
the results of OIT, the oxidation rate was also calculated, 
which showed that the oxidation is faster at higher tempera-
tures, increasing 3–4 times with every increase of 20 degrees 
in temperature. Findings from isothermal measurements 
corresponded very well with the results of non-isothermal 
experiments with heating rates of 1, 2, 5, 10, 15 °C  min−1. 
Analysis of the onset temperature showed the lowest val-
ues of Ton for Omega and Luna samples and the highest for 

the Śmiłowska cultivar at all heating rates. All correlation 
analyzes led to the conclusion that differences in oxidative 
stability between the cultivars were mainly caused by the 
content of some unsaturated fatty acids e.g., α-linolenic 
acid (C18:3, n-3) as well as by the antioxidative activity. 
Oil from camelina seeds of Omega cultivar, characterized 
by the highest content of fatty acid C18:3, n-3 (37.2%), was 
the least thermally stable oil. There was a strong and statisti-
cally significant positive correlation between this fatty acid 
and DSC oxidation parameters (OIT and Ton), which were 
also highly correlated with value b* (yellowness) and the 
radical scavenging activity by 2,2-diphenyl-1-picrylhydrazyl 
(RSA DPPH). The lowest values of b* and RSA DPPH were 
observed for the least stable oil (Omega cultivar), and the 
highest for Śmiłowska cultivar. Principal component analy-
sis confirmed all observations, namely that the DSC ther-
mal oxidation stability of camelina oil can be explained by 
the unsaturated fatty acid content, yellowness b* and RSA 
DPPH, and can also be predicted by the oxidation rate con-
stant k, which was negatively correlated to OIT and Ton.
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