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1. INTRODUCTION 

Black cumin (Nigella sativa, family Ranunculaceae) is an annual herbaceous 
plant native to southwest Asia including Iran, India, and Pakistan. Nigella sativa 
seeds are used in several food products such as bread, cookies and some tradi-
tional dishes as well as in traditional medicine for culinary purposes [1-3]. The 
seeds contain several compounds including water, oil, proteins, carbohydrates, 
vitamins, and minerals [4]. 
The oil of Nigella sativa seeds is accounted for about 30% of seed weight [5]. Oil 
is generally extracted from seeds using the cold pressing method. Cold pressed 
black cumin seed oil (BCO) contain various bioactive compounds such as fatty 
acids, tocopherols, sterols, phenolics and colour pigments. Linoleic and oleic 
acids are the main unsaturated fatty acids and accounted for more than 80% of 
the total fatty acids in BCO [2, 6, 7]. BCO contains typical tocochromanols, like 
γ-tocopherol (938.5 µg/g), γ-tocotrienol (376.7 µg/g) and β-tocotrienol (284.3 
µg/g), which exhibit strong antioxidant potential [7]. Thymoquinone is one of the 
dominant phenolics detected in BCO with antioxidant traits and therapeutic 
effects [8, 9].   
BCO has a strong antioxidant activity and therefore the oil was successfully 
blended with some vegetable oils to improve the oxidative stability of these oils. 
Black cumin oil increased oxidative stability of corn oil [10], high linoleic sun-
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flower oil [1, 11] and flaxseed oil [12] stored under 
thermal oxidation conditions at 60°C. The oxidative 
stability of black cumin oil is attributed to tocochroma-
nols and phenolics especially thymoquinone. Besides, 
oxidation stability of purified black cumin oil (PBCO) 
was also investigated and compared with crude oil 
[13].
There are already published papers on the oxidation 
stability of black cumin oil as well as the chemical com-
position of the oil. However, to the best of our knowl-
edge, there is no literature on the effects of minor com-
pounds on oxidative stability of PBCO. The aim of this 
study was to examine the effect of minor constituents 
(thymoquinone and tocopherol isomers) on the oxida-
tive stability of PBCO using accelerated oxidation in 
Rancimat and Schaal Oven test conditions.

2. MATERIALS AND METHODS

Commercial BCO used in this study was obtained 
from Neva & Sim Ltd. Co. (Istanbul, Turkey). The sam-
ples were stored at 4°C in the refrigerator until analysis. 
  
2.1. COMPOSITION AND CHARACTERISTICS OF BCO
Free fatty acid content (FFA) (Ca 5a-40), peroxide 
value (PV) (Cd 8-53), p-anisidine value (AV) (AOCS Cd 
18-90), specific absorbance values (K  and K ) (Ch 232 270

5-91) were determined in BCO using AOCS [14] offi-
cial methods. The fatty acid composition was deter-
mined us ing Shimadzu GC-2010 plus gas 
chromatograph (GC) equipped with a flame ionisation 
detector (FID) and TR-CN 100 fused silica capillary col-
umn (Teknokroma, Spain) (60 m long, 0.2 μm film 
thickness and 0.25 mm i.d.) following methylation (Ce 
2-66 in AOCS method). Helium was used as a carrier 
gas at a flow rate of 1 mL/min. 1 μL sample was 
injected to the column and split ratio was 1:50. The col-
umn temperature was set at 90°C for 5 min, then pro-
grammed at 240°C at 4°C/min and held at 240°C for 
10 min. Fatty acid methyl ester (FAME) standard solu-
tion (37 FAME mix) was used to identify the peaks. 
Fatty acid composition of BCO was given in percent-
age proportions of FAME using the peak areas. 
Tocopherols were analysed following the AOCS Offi-
cial Method Ce 8-89 [14] with minor modification [(950 
μL of mobile phase (heptane: tetrahydrofuran, 95:5, 
v/v) was added to 50 μL oil sample)] using Prominence 
2005 HPLC (Shimadzu Tokyo, Japan) with a 
SIL–20AC Prominence and RF-10AXL Fluorescence 
detector, set for excitation at 295 nm and emission at 
330 nm. The column was a normal-phase Luna Silica 
(250 × 4.6 mm; 5 m). Of each sample, 10 μL was 
injected and separated by mobile phase consisted of 
heptane: tetrahydrofuran (95:5, v/v) at a flow rate of 
1.2 mL/min. The tocopherols were quantified using 
external calibration for each isomer separately. The 

amounts of tocopherols in the samples were given in 
mg/kg using the calibration curve of each tocopherol 
isomer.
Aliquots of oil (2.5 g) were dissolved in n-hexane (2.5 
mL) and mixed with 2.5 mL of methanol in 50 mL cen-
trifuge tube in a vortex. After centrifugation at 4000 
rpm for 3 min, the hydroalcoholic extracts were sepa-
rated from the lipid phase and the extraction was 
repeated twice. The combined hydroalcoholic extracts 
were evaporated in a rotary evaporator at 40°C under 
vacuum, then the oil was dissolved in 1 mL methanol. 
The total phenolic content (TPC) and thymoquinone 
content in BCO samples were determined using HPLC 
according to the modified method of Karacabey and 
Mazza [15] and Caponio et al. [16], respectively. HPLC 
analysis was performed using a Shimadzu HPLC sys-
tem equipped with an automatic injector, a column 
oven, and a diode array detector (DAD). The analysis 
was carried out at 30°C on an Agilent Eclipse XDB-
C18 column (250×4.6 mm, 5 μm) in isocratic mode at 
a constant flow rate of 0.8 mL/min. Injection volume of 
the sample was 20 μL and the mobile phase consisted 
of methanol: 3% acetic acid in water (50:50, v/v).

2.2 PREPARATION OF PBCO (PURIFIED TAG)
Cold pressed black cumin oil (BCO) was purified 
according to Karabulut et al. [17] using activated car-
bon adsorption and alumina column chromatography 
treatments to obtain a purified TAG. 

2.3 PREPARATION OF OIL SAMPLES ENRICHED WITH 
TOCOPHEROLS AND THYMOQUINONE
It was determined that BCO used in this study contain 
10 mg/kg α-tocopherol, 0.5 mg/kg β-tocopherol, 67 
mg/kg γ-tocopherol and 0.5 mg/kg δ-tocopherol. The 
major phenolic compound, thymoquinone was 1082 
mg/kg in BCO. Because of the content of β-tocopherol 
and δ-tocopherol in the BCO was very low, only pure 
α- and γ-tocopherols were added to the purified TAG 
and in a combination of thymoquinone. The addition 
amount was selected according to levels of these com-
pounds found in BCO. Before addition to PBCO, pure 
tocopherol isomers were prepared in n-hexane while 
thymoquinone was prepared in methanol. For the 
Rancimat assay, these solutions were added to 3 g of 
PBCO (purified TAG) with a micropipette. They were 
placed in an ultrasonic water bath for 1 min for dissolu-
tion. Subsequently, nitrogen was flushed into the 
enriched oil to remove the solvent. In the Schaal Oven 
test, these additives were added to 50 g of purified 
TAG. After the flushing of nitrogen gas into the 
enriched TAG, they were stored at -18°C until 
Rancimat analysis and oxidation test were performed.
Tocopherols and thymoquinone were added to puri-
fied oil to obtain the following formulations:
· Purified TAG (control)
· Purified TAG + BHT (100 mg/kg) 

· Purified TAG+ thymoquinone (1082 mg/kg)
· Purified TAG+ α-tocopherol (10 mg/kg)
· Purified TAG+ γ- tocopherol (67 mg/kg)
· Purified TAG+ α-tocopherol (10 mg/kg) + 

thymoquinone (1082 mg/kg)
· Purified TAG+ γ-tocopherol (67 mg/kg) + 

thymoquinone (1082 mg/kg)
· Purified TAG+ α-tocopherol (10 mg/kg) + γ- 

tocopherol (67 mg/kg) + thymoquinone (1082 
mg/kg)

· Cold pressed black cumin oil (BCO)

2.4. ACCELERATED OXIDATION TESTS
2.4.1. Rancimat test
The induction periods of PBCO mixed with 
thymoquinone and/or tocopherol isomers were car-
ried out with the Rancimat apparatus (Metrohm, 
Herisau, Switzerland). The oil samples (3 g) were 
placed in the Rancimat apparatus at 90°C at an air flow 

−1rate of 10 L h .

2.4.2. Schaal oven test
Fifty grams of sample was weighted in 50 mL glass bot-
tles and kept 10 days at 60°C in an oven. Samples 
were examined at 24 h intervals by collecting the same 
bottles upon the particular period. The oxidative stabil-
ity of the samples was evaluated by polymer 
triglyceride, PV, AV and K . Besides, the amount of 232

thymoquinone and tocopherol isomers were deter-
mined during storage. Experiments were set up in two 
repetitions for each tested sample.

2.5. DETERMINATION OF POLYMER TRIGLYCERIDES
The amount of polymer triglyceride in the samples 
taken in the oxidation test was determined according 
to Gertz [18] and AOCS Official Method Cd 22-91 [14]. 
The results were given as a percentage.

2.6. STATISTICAL ANALYSIS 
Oxidation test experiments were performed in two rep-
licates. The results were given as mean ± standard 
deviation. The results were statistically evaluated using 
the Minitab 17 Statistical Software (v17.3.1) package 
program. The difference between the group means 
was determined according to variance analysis tech-
nique (ANOVA) and independent samples t-test (p 
<0.05).

3. RESULTS AND DISCUSSION

3.1. COMPOSITION AND CHARACTERISATION OF BCO
Some properties of BCO and PBCO are given in Table 
I. The initial FFA, PV, K , K , AV of BCO samples were 232 270

6.1%, 16.3 meq O /kg, 2.76, 0.56 and 1.78, respec-2

tively, while these values in PBCO were significantly 
(p<0.05) decreased to 0.08%, 5.3 meq O /kg, 1.36, 2

0.06 and 0.08, respectively. This decrease could be 
related to purification. During the purification process, 
most of the compounds including tocopherols, carot-
enoids, FFA, mono- and diglycerides, peroxides and 
some of the secondary oxidation products removed 
from crude oil.  The recorded results for FFA, PV, K  232

and K  values were found lower than the findings 270

reported for BCO [6, 19]. However, the results in FFA, 
PV and K  values were higher than those reported by 232

Gharby et al. [2] and Kostadinović Veličkovska et al. 
[20]. The AV of oil was higher than those presented by 
Symoniuk et al. [21]. A significant (p<0.05) decrease 
was also observed in total tocopherols, thymoquinone 
and TPC after purification process. The total 
tocopherol content was lower than those reported by 
Sultan et al. [22] who found 361.71 mg/kg of total 
tocopherols. However, the results for total tocopherols 
agreed with some data published by Matthaus and 
Özcan [23] who reported a range of 9.15 mg/100 g to 
27.92 mg/100 g of total tocopherols. The main fatty 
acid in BCO and its triglyceride was linoleic acid 
(18:2n-6) 55.07%-56.16% followed by oleic acid 
(18:1n-9) at a level of 27.1%-25.9% and palmitic (16:0) 
acid at 11.48%-11.60% of total fatty acids, respec-
tively. The results were similar to those presented by 
Lutterodt et al. [24] and Gharby et al. [2].  Although the 
fatty acid composition of BCO changed slightly after 
purification process, this change was found as signifi-
cant (p<0.05). 
The initial TPC and tocopherol composition in oils are 
shown in Table II. BCO contained the highest level of 

Table I - Composition and characterization of BCO and PBCOa 

 
 

Cold press 
black  

cumin oil 
(BCO) 

Purified 
black 

cumin oil 
(PBCO) 

Free fatty acid content (% oleic acid) 6.1±0.40 0.08±0.01 
Peroxide value (meq O2/kg) 16.3±1.2 5.3±0.7 
K232 2.76±0.23 1.36±0.18 
K270  0.56±0.11 0.06±0.02 
p-Anisidine value 1.78±0.92 0.08±0.03 
Total tocopherol content (mg/kg) 78.72±0.10 0.09±0.01 
Total phenolic content (mg/kg, HPLC) 293.57±14.31 *N.D. 
Thymoquinone content (mg/kg) 1082.54±0.24 7.19±0.23 
Fatty acids (%)   
Miristic acid (C14:0) 0.14±0.0 0.12±0.0 
Palmitic acid (C16:0) 11.60±0.01 11.48±0.0 
Stearic acid (C18:0) 2.99±0.01 3.1±0.0 
Oleic acid (C18:1n9c) 25.9±0.02 27.1±0.0 
Linoleic acid (C18:2n6c) 56.16±0.02 55.07±0.0 
γ-linolenic acid (C18:3n6) 0.31±0.0 0.21±0.0 
Linolenic acid (C18:3n3) 0.64±0.01 0.60±0.0 
cis-11,14-eicosadienoic acid (C20:2) 2.26±0.0 2.32±0.0 

aMean ±standard deviation; *N.D., not determined  
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flower oil [1, 11] and flaxseed oil [12] stored under 
thermal oxidation conditions at 60°C. The oxidative 
stability of black cumin oil is attributed to tocochroma-
nols and phenolics especially thymoquinone. Besides, 
oxidation stability of purified black cumin oil (PBCO) 
was also investigated and compared with crude oil 
[13].
There are already published papers on the oxidation 
stability of black cumin oil as well as the chemical com-
position of the oil. However, to the best of our knowl-
edge, there is no literature on the effects of minor com-
pounds on oxidative stability of PBCO. The aim of this 
study was to examine the effect of minor constituents 
(thymoquinone and tocopherol isomers) on the oxida-
tive stability of PBCO using accelerated oxidation in 
Rancimat and Schaal Oven test conditions.

2. MATERIALS AND METHODS

Commercial BCO used in this study was obtained 
from Neva & Sim Ltd. Co. (Istanbul, Turkey). The sam-
ples were stored at 4°C in the refrigerator until analysis. 
  
2.1. COMPOSITION AND CHARACTERISTICS OF BCO
Free fatty acid content (FFA) (Ca 5a-40), peroxide 
value (PV) (Cd 8-53), p-anisidine value (AV) (AOCS Cd 
18-90), specific absorbance values (K  and K ) (Ch 232 270

5-91) were determined in BCO using AOCS [14] offi-
cial methods. The fatty acid composition was deter-
mined us ing Shimadzu GC-2010 plus gas 
chromatograph (GC) equipped with a flame ionisation 
detector (FID) and TR-CN 100 fused silica capillary col-
umn (Teknokroma, Spain) (60 m long, 0.2 μm film 
thickness and 0.25 mm i.d.) following methylation (Ce 
2-66 in AOCS method). Helium was used as a carrier 
gas at a flow rate of 1 mL/min. 1 μL sample was 
injected to the column and split ratio was 1:50. The col-
umn temperature was set at 90°C for 5 min, then pro-
grammed at 240°C at 4°C/min and held at 240°C for 
10 min. Fatty acid methyl ester (FAME) standard solu-
tion (37 FAME mix) was used to identify the peaks. 
Fatty acid composition of BCO was given in percent-
age proportions of FAME using the peak areas. 
Tocopherols were analysed following the AOCS Offi-
cial Method Ce 8-89 [14] with minor modification [(950 
μL of mobile phase (heptane: tetrahydrofuran, 95:5, 
v/v) was added to 50 μL oil sample)] using Prominence 
2005 HPLC (Shimadzu Tokyo, Japan) with a 
SIL–20AC Prominence and RF-10AXL Fluorescence 
detector, set for excitation at 295 nm and emission at 
330 nm. The column was a normal-phase Luna Silica 
(250 × 4.6 mm; 5 m). Of each sample, 10 μL was 
injected and separated by mobile phase consisted of 
heptane: tetrahydrofuran (95:5, v/v) at a flow rate of 
1.2 mL/min. The tocopherols were quantified using 
external calibration for each isomer separately. The 

amounts of tocopherols in the samples were given in 
mg/kg using the calibration curve of each tocopherol 
isomer.
Aliquots of oil (2.5 g) were dissolved in n-hexane (2.5 
mL) and mixed with 2.5 mL of methanol in 50 mL cen-
trifuge tube in a vortex. After centrifugation at 4000 
rpm for 3 min, the hydroalcoholic extracts were sepa-
rated from the lipid phase and the extraction was 
repeated twice. The combined hydroalcoholic extracts 
were evaporated in a rotary evaporator at 40°C under 
vacuum, then the oil was dissolved in 1 mL methanol. 
The total phenolic content (TPC) and thymoquinone 
content in BCO samples were determined using HPLC 
according to the modified method of Karacabey and 
Mazza [15] and Caponio et al. [16], respectively. HPLC 
analysis was performed using a Shimadzu HPLC sys-
tem equipped with an automatic injector, a column 
oven, and a diode array detector (DAD). The analysis 
was carried out at 30°C on an Agilent Eclipse XDB-
C18 column (250×4.6 mm, 5 μm) in isocratic mode at 
a constant flow rate of 0.8 mL/min. Injection volume of 
the sample was 20 μL and the mobile phase consisted 
of methanol: 3% acetic acid in water (50:50, v/v).

2.2 PREPARATION OF PBCO (PURIFIED TAG)
Cold pressed black cumin oil (BCO) was purified 
according to Karabulut et al. [17] using activated car-
bon adsorption and alumina column chromatography 
treatments to obtain a purified TAG. 

2.3 PREPARATION OF OIL SAMPLES ENRICHED WITH 
TOCOPHEROLS AND THYMOQUINONE
It was determined that BCO used in this study contain 
10 mg/kg α-tocopherol, 0.5 mg/kg β-tocopherol, 67 
mg/kg γ-tocopherol and 0.5 mg/kg δ-tocopherol. The 
major phenolic compound, thymoquinone was 1082 
mg/kg in BCO. Because of the content of β-tocopherol 
and δ-tocopherol in the BCO was very low, only pure 
α- and γ-tocopherols were added to the purified TAG 
and in a combination of thymoquinone. The addition 
amount was selected according to levels of these com-
pounds found in BCO. Before addition to PBCO, pure 
tocopherol isomers were prepared in n-hexane while 
thymoquinone was prepared in methanol. For the 
Rancimat assay, these solutions were added to 3 g of 
PBCO (purified TAG) with a micropipette. They were 
placed in an ultrasonic water bath for 1 min for dissolu-
tion. Subsequently, nitrogen was flushed into the 
enriched oil to remove the solvent. In the Schaal Oven 
test, these additives were added to 50 g of purified 
TAG. After the flushing of nitrogen gas into the 
enriched TAG, they were stored at -18°C until 
Rancimat analysis and oxidation test were performed.
Tocopherols and thymoquinone were added to puri-
fied oil to obtain the following formulations:
· Purified TAG (control)
· Purified TAG + BHT (100 mg/kg) 

· Purified TAG+ thymoquinone (1082 mg/kg)
· Purified TAG+ α-tocopherol (10 mg/kg)
· Purified TAG+ γ- tocopherol (67 mg/kg)
· Purified TAG+ α-tocopherol (10 mg/kg) + 

thymoquinone (1082 mg/kg)
· Purified TAG+ γ-tocopherol (67 mg/kg) + 

thymoquinone (1082 mg/kg)
· Purified TAG+ α-tocopherol (10 mg/kg) + γ- 

tocopherol (67 mg/kg) + thymoquinone (1082 
mg/kg)

· Cold pressed black cumin oil (BCO)

2.4. ACCELERATED OXIDATION TESTS
2.4.1. Rancimat test
The induction periods of PBCO mixed with 
thymoquinone and/or tocopherol isomers were car-
ried out with the Rancimat apparatus (Metrohm, 
Herisau, Switzerland). The oil samples (3 g) were 
placed in the Rancimat apparatus at 90°C at an air flow 

−1rate of 10 L h .

2.4.2. Schaal oven test
Fifty grams of sample was weighted in 50 mL glass bot-
tles and kept 10 days at 60°C in an oven. Samples 
were examined at 24 h intervals by collecting the same 
bottles upon the particular period. The oxidative stabil-
ity of the samples was evaluated by polymer 
triglyceride, PV, AV and K . Besides, the amount of 232

thymoquinone and tocopherol isomers were deter-
mined during storage. Experiments were set up in two 
repetitions for each tested sample.

2.5. DETERMINATION OF POLYMER TRIGLYCERIDES
The amount of polymer triglyceride in the samples 
taken in the oxidation test was determined according 
to Gertz [18] and AOCS Official Method Cd 22-91 [14]. 
The results were given as a percentage.

2.6. STATISTICAL ANALYSIS 
Oxidation test experiments were performed in two rep-
licates. The results were given as mean ± standard 
deviation. The results were statistically evaluated using 
the Minitab 17 Statistical Software (v17.3.1) package 
program. The difference between the group means 
was determined according to variance analysis tech-
nique (ANOVA) and independent samples t-test (p 
<0.05).

3. RESULTS AND DISCUSSION

3.1. COMPOSITION AND CHARACTERISATION OF BCO
Some properties of BCO and PBCO are given in Table 
I. The initial FFA, PV, K , K , AV of BCO samples were 232 270

6.1%, 16.3 meq O /kg, 2.76, 0.56 and 1.78, respec-2

tively, while these values in PBCO were significantly 
(p<0.05) decreased to 0.08%, 5.3 meq O /kg, 1.36, 2

0.06 and 0.08, respectively. This decrease could be 
related to purification. During the purification process, 
most of the compounds including tocopherols, carot-
enoids, FFA, mono- and diglycerides, peroxides and 
some of the secondary oxidation products removed 
from crude oil.  The recorded results for FFA, PV, K  232

and K  values were found lower than the findings 270

reported for BCO [6, 19]. However, the results in FFA, 
PV and K  values were higher than those reported by 232

Gharby et al. [2] and Kostadinović Veličkovska et al. 
[20]. The AV of oil was higher than those presented by 
Symoniuk et al. [21]. A significant (p<0.05) decrease 
was also observed in total tocopherols, thymoquinone 
and TPC after purification process. The total 
tocopherol content was lower than those reported by 
Sultan et al. [22] who found 361.71 mg/kg of total 
tocopherols. However, the results for total tocopherols 
agreed with some data published by Matthaus and 
Özcan [23] who reported a range of 9.15 mg/100 g to 
27.92 mg/100 g of total tocopherols. The main fatty 
acid in BCO and its triglyceride was linoleic acid 
(18:2n-6) 55.07%-56.16% followed by oleic acid 
(18:1n-9) at a level of 27.1%-25.9% and palmitic (16:0) 
acid at 11.48%-11.60% of total fatty acids, respec-
tively. The results were similar to those presented by 
Lutterodt et al. [24] and Gharby et al. [2].  Although the 
fatty acid composition of BCO changed slightly after 
purification process, this change was found as signifi-
cant (p<0.05). 
The initial TPC and tocopherol composition in oils are 
shown in Table II. BCO contained the highest level of 

Table I - Composition and characterization of BCO and PBCOa 

 
 

Cold press 
black  

cumin oil 
(BCO) 

Purified 
black 

cumin oil 
(PBCO) 

Free fatty acid content (% oleic acid) 6.1±0.40 0.08±0.01 
Peroxide value (meq O2/kg) 16.3±1.2 5.3±0.7 
K232 2.76±0.23 1.36±0.18 
K270  0.56±0.11 0.06±0.02 
p-Anisidine value 1.78±0.92 0.08±0.03 
Total tocopherol content (mg/kg) 78.72±0.10 0.09±0.01 
Total phenolic content (mg/kg, HPLC) 293.57±14.31 *N.D. 
Thymoquinone content (mg/kg) 1082.54±0.24 7.19±0.23 
Fatty acids (%)   
Miristic acid (C14:0) 0.14±0.0 0.12±0.0 
Palmitic acid (C16:0) 11.60±0.01 11.48±0.0 
Stearic acid (C18:0) 2.99±0.01 3.1±0.0 
Oleic acid (C18:1n9c) 25.9±0.02 27.1±0.0 
Linoleic acid (C18:2n6c) 56.16±0.02 55.07±0.0 
γ-linolenic acid (C18:3n6) 0.31±0.0 0.21±0.0 
Linolenic acid (C18:3n3) 0.64±0.01 0.60±0.0 
cis-11,14-eicosadienoic acid (C20:2) 2.26±0.0 2.32±0.0 

aMean ±standard deviation; *N.D., not determined  
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thymoquinone (1082.54 mg/kg). The other seven phe-
nolic compounds found at lower concentrations. 
Thymoquinone content was higher than that of 3.48-
8.73 mg/kg detected in six different batches of cold-
pressed BCO [24], but it was lower than that of 460 
mg/100 g detected in the BCO [11]. 
Tocopherol content of BCO is also given in Table II. The 
content of γ-tocopherol was the highest, with 67.45 
mg/kg, followed by α-tocopherol at a concentration of 
10.13 mg/kg. However, δ- and β-tocopherol were 
detected in lower amounts in the oil (0.58 mg/kg and 
0.57 mg/kg, respectively). γ-tocopherol was found as 
the main tocopherol isomer in BCO and its value was 
lower than that of black cumin oil (938.5 µg/g) 
reported by Hassanien et al. [25]. 

3.2. ACCELERATED OXIDATION EXPERIMENTS

3.2.1 Induction period (IP)
The induction periods of BCO, purified triglycerides 

blended with tocopherols and thymoquinone used for 
the accelerated oxidation experiments are reported in 
Table III. The higher IP was recorded for BCO as 19.73 
h, while lower IP was recorded for PBCO (2.66 h). IP of 
TAG significantly (p<0.05) increased with the addition 
of α-, γ-tocopherols and thymoquinone. When the 
effects of tocopherols and thymoquinone were individ-
ually compared, γ-tocopherol was the most effective 
antioxidant. The IP of TAG enriched with γ-tocopherol 
was 12.39 h, however, the lower IP was recorded for 
TAG enriched with thymoquinone (4.44 h). Concerning 
the results of the tocopherol homologs, the similar 
behaviour was seen in the reports of Wagner and 
Elmadfa [26] who reported that γ-tocopherol was more 
effective in the prolongation of the shelf life of olive oil 
and linseed oil than α-tocopherol. On the other hand, 
the lower stability of α-tocopherol than γ-tocopherol at 
higher temperatures could be explained that α-
tocopherol is consumed first, followed by γ- tocophe-
rols due to higher reactivity of α-tocopherol [27].   
When minor bioactive constituents were added 
together, the highest IP value was observed in oil  
sample spiked with α-tocopherol/γ-tocopherol 
/thymoquinone (15.36 h). Usage of thymoquinone with 
tocopherols caused a slight increase in IP values com-
pared with tocopherols. In addition, when TAG incor-
porated with a synthetic antioxidant (BHT) at 100 
mg/kg, IP value of this sample was close to TAGs con-
taining γ-tocopherol/thymoquinone and α-tocopherol/ 
γ-tocopherol/thymoquinone (p>0.05). 
  
3.2.2. Schaal oven test
Hydroperoxide is the primary product of lipid oxidation. 
Therefore, the determination of PV can be used as an 
oxidative index for the early stage of lipid oxidation [13]. 
The effects of minor bioactive constituents and BHT on 
PV of PBCO stored under Schaal oven conditions are 
presented in Table IV. PV of PBCO containing tocoph-
erols and/or thymoquinone significantly increased 
during 10 days of oven test (p<0.05). Moreover, PV of 
PBCO increased from 11.0 to 234.9 meq/kg, and PV 
increased from 21.1 to 33.2 meq/kg in BCO at the end 
of storage. Similarly, Ramadan and Mörsel [13] 
reported that crude oils extracted by n-hexane had 
lower PV than that of stripped oils over the 21 days of 
storage period and the peroxides accumulated in the 
stripped oils to high levels.

thUntil the 7  day of storage, the minimum PV observed 
in PBCO incorporated with BHT (p<0.05). Among puri-
fied TAG containing individual bioactive constituents, 
the effectiveness of antioxidants decreased during 7 
days (at 60°C) in the following order: TAG+γ-TOC > 
TAG+T > TAG+α-TOC. When investigating the antioxi-
dant effects of tocopherols under thermal storage at 
60°C, γ-tocopherol was more stable, and it consumed 
more slowly than α-tocopherol. These findings agree 
with data reported earlier [28, 29]. Purified TAG con-

Table III - Induction periods of BCO and PBCOa 

 Induction period 
(h) 

Protection 
factor 

TAG (PBCO)b 2.66 ± 0.51d 1.0 
TAG+BHT 14.23 ± 1.37b 5.3 
TAG+T 4.44 ± 0.14cd 1.7 
TAG+ α-TOC 5.18 ± 0.04cd 1.9 
TAG+ γ-TOC 12.39 ± 0.0b 4.7 
TAG+ α-TOC +T 6.44 ± 0.15c 2.4 
TAG+ γ-TOC +T 14.92 ± 1.53b 5.6 
TAG+ α-TOC+ γ-TOC +T 15.36 ± 0.23b 5.8 
BCO 19.73 ± 0.25a - 

a Mean ±standard deviation
Values within each column with different letters are different 

(p < 0.05).  
b TAG (PBCO), purified black cumin oil; BCO, cold pressed black 
cumin oil; T, thymoquinone; α-TOC, α-tocopherol; γ-TOC, γ- 
tocopherol; BHT, butylated hydroxytoluene. 

a-d

 

Table II - Phenolic compounds and tocopherol profile of BCOa 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a Mean ± standard deviation 

 Content (mg/kg) 
Phenolic compound  
p-Hydroxybenzoic acid 0.80 ± 0.04 
Vanilin 0.04 ± 0.00 
Sinapinic acid 1.05 ± 0.05 
Benzoic acid 1.79 ± 0.08 
Quercetin 1.05 ± 0.11 
Luteolin 1.04 ± 0.07 
Apigenin 16.09 ± 0.59 
Thymoquinone 1082.5 ± 0.24 
Tocopherol  
α-tocopherol 10.13 ± 0.15 
β- tocopherol 0.57 ± 0.01 
γ- tocopherol 67.45 ± 0.07 
δ- tocopherol 0.58 ± 0.01 
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taining α-tocopherol/γ-tocopherol/thymoquinone  
had significantly (p <0.05) lower PV than purified  
TAG enriched with a mixture of α-tocopherol/ 
thymoquinone and γ-tocopherol/thymoquinone at the 
end of storage.
Table V summarises the effects of minor bioactive con-
stituents on the formation of CD in (PBCO). Absorption 
at 232 nm is related to the formation of primary oxida-
tion products [13]. Therefore, K  values of oil samples 232

showed a pattern in good agreement with that of the 
PV. Conjugated diene contents of the oil samples 
increased significantly (p<0.05) with the increase in 
storage time, due to the formation of conjugated 
dienes [13]. K value of BCO slightly increased to 4.9, 232 

whereas K  value of PBCO was determined as 27.0 232

at the end of oven test. The lowest K  values were 232

observed for TAG enriched with BHT followed by BCO 
during 7 days of storage. When compared with oils 
containing individual bioactive constituents, γ-
tocopherol was found to be more effective in retarding 

ththe formation of oxidation up to 7  days. After this day, 
K  value of oil enriched with thymoquinone increased 232

to 22.6 which was lower than those of α- or γ-
tocopherol containing PBCO. During the storage 
period, purified TAG spiked with a mixture of 
thymoquinone, α-tocopherol and γ-tocopherol exhib-
ited the lowest K  value among α-, γ-tocopherol or 232

thymoquinone incorporated PBCO. Besides, γ-
tocopherol addition with thymoquinone had a lower 
K  value than α-tocopherol incorporated with 232

th th thymoquinone on the 7  and 10 day. 
Table VI shows the changes in AV and polymer 
triglyceride content during the storage at 60°C for 10 
days. AV measures the unsaturated aldehydes (princi-
pally 2-alkenals and 2,4-dienals) in oils [13]. AV of 
PBCO samples significantly increased with the stor-
age period (p<0.05), whereas AV of BCO did not 
change significantly (p>0.05). While AV of PBCO 
significantly (p<0.05) increased from 0.4 to 16.4, poly-
mer triglyceride contents of BCO was 1.44% at the 
end of 10 day. During storage, the lowest AV and poly-
mer triglyceride contents were observed in BCO and 
purified TAG enriched with BHT. Individual use of minor 
bioactive constituents retarded the increase in AV and 
polymer triglyceride content. Especially, γ-tocopherol 
caused lower values than α-tocopherol during storage 
at 60°C. 
The similar changes in AV of TAG was observed by 
Lampi et al. [28] who emphasised that tocopherols sig-
nificantly (p<0.05) retarded the formation of secondary 
products on rapeseed oil TAG according to AV mea-
surements. Binary mixtures of minor bioactive com-
pounds decreased AV and polymer triglyceride con-
tent compared with individual usage of these com-
pounds. Besides, ternary blend provided higher pro-
tection against oxidation than the individual and binary 
use of minor bioactive constituents. 
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thymoquinone (1082.54 mg/kg). The other seven phe-
nolic compounds found at lower concentrations. 
Thymoquinone content was higher than that of 3.48-
8.73 mg/kg detected in six different batches of cold-
pressed BCO [24], but it was lower than that of 460 
mg/100 g detected in the BCO [11]. 
Tocopherol content of BCO is also given in Table II. The 
content of γ-tocopherol was the highest, with 67.45 
mg/kg, followed by α-tocopherol at a concentration of 
10.13 mg/kg. However, δ- and β-tocopherol were 
detected in lower amounts in the oil (0.58 mg/kg and 
0.57 mg/kg, respectively). γ-tocopherol was found as 
the main tocopherol isomer in BCO and its value was 
lower than that of black cumin oil (938.5 µg/g) 
reported by Hassanien et al. [25]. 

3.2. ACCELERATED OXIDATION EXPERIMENTS

3.2.1 Induction period (IP)
The induction periods of BCO, purified triglycerides 

blended with tocopherols and thymoquinone used for 
the accelerated oxidation experiments are reported in 
Table III. The higher IP was recorded for BCO as 19.73 
h, while lower IP was recorded for PBCO (2.66 h). IP of 
TAG significantly (p<0.05) increased with the addition 
of α-, γ-tocopherols and thymoquinone. When the 
effects of tocopherols and thymoquinone were individ-
ually compared, γ-tocopherol was the most effective 
antioxidant. The IP of TAG enriched with γ-tocopherol 
was 12.39 h, however, the lower IP was recorded for 
TAG enriched with thymoquinone (4.44 h). Concerning 
the results of the tocopherol homologs, the similar 
behaviour was seen in the reports of Wagner and 
Elmadfa [26] who reported that γ-tocopherol was more 
effective in the prolongation of the shelf life of olive oil 
and linseed oil than α-tocopherol. On the other hand, 
the lower stability of α-tocopherol than γ-tocopherol at 
higher temperatures could be explained that α-
tocopherol is consumed first, followed by γ- tocophe-
rols due to higher reactivity of α-tocopherol [27].   
When minor bioactive constituents were added 
together, the highest IP value was observed in oil  
sample spiked with α-tocopherol/γ-tocopherol 
/thymoquinone (15.36 h). Usage of thymoquinone with 
tocopherols caused a slight increase in IP values com-
pared with tocopherols. In addition, when TAG incor-
porated with a synthetic antioxidant (BHT) at 100 
mg/kg, IP value of this sample was close to TAGs con-
taining γ-tocopherol/thymoquinone and α-tocopherol/ 
γ-tocopherol/thymoquinone (p>0.05). 
  
3.2.2. Schaal oven test
Hydroperoxide is the primary product of lipid oxidation. 
Therefore, the determination of PV can be used as an 
oxidative index for the early stage of lipid oxidation [13]. 
The effects of minor bioactive constituents and BHT on 
PV of PBCO stored under Schaal oven conditions are 
presented in Table IV. PV of PBCO containing tocoph-
erols and/or thymoquinone significantly increased 
during 10 days of oven test (p<0.05). Moreover, PV of 
PBCO increased from 11.0 to 234.9 meq/kg, and PV 
increased from 21.1 to 33.2 meq/kg in BCO at the end 
of storage. Similarly, Ramadan and Mörsel [13] 
reported that crude oils extracted by n-hexane had 
lower PV than that of stripped oils over the 21 days of 
storage period and the peroxides accumulated in the 
stripped oils to high levels.

thUntil the 7  day of storage, the minimum PV observed 
in PBCO incorporated with BHT (p<0.05). Among puri-
fied TAG containing individual bioactive constituents, 
the effectiveness of antioxidants decreased during 7 
days (at 60°C) in the following order: TAG+γ-TOC > 
TAG+T > TAG+α-TOC. When investigating the antioxi-
dant effects of tocopherols under thermal storage at 
60°C, γ-tocopherol was more stable, and it consumed 
more slowly than α-tocopherol. These findings agree 
with data reported earlier [28, 29]. Purified TAG con-

Table III - Induction periods of BCO and PBCOa 

 Induction period 
(h) 

Protection 
factor 

TAG (PBCO)b 2.66 ± 0.51d 1.0 
TAG+BHT 14.23 ± 1.37b 5.3 
TAG+T 4.44 ± 0.14cd 1.7 
TAG+ α-TOC 5.18 ± 0.04cd 1.9 
TAG+ γ-TOC 12.39 ± 0.0b 4.7 
TAG+ α-TOC +T 6.44 ± 0.15c 2.4 
TAG+ γ-TOC +T 14.92 ± 1.53b 5.6 
TAG+ α-TOC+ γ-TOC +T 15.36 ± 0.23b 5.8 
BCO 19.73 ± 0.25a - 

a Mean ±standard deviation
Values within each column with different letters are different 

(p < 0.05).  
b TAG (PBCO), purified black cumin oil; BCO, cold pressed black 
cumin oil; T, thymoquinone; α-TOC, α-tocopherol; γ-TOC, γ- 
tocopherol; BHT, butylated hydroxytoluene. 

a-d

 

Table II - Phenolic compounds and tocopherol profile of BCOa 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a Mean ± standard deviation 

 Content (mg/kg) 
Phenolic compound  
p-Hydroxybenzoic acid 0.80 ± 0.04 
Vanilin 0.04 ± 0.00 
Sinapinic acid 1.05 ± 0.05 
Benzoic acid 1.79 ± 0.08 
Quercetin 1.05 ± 0.11 
Luteolin 1.04 ± 0.07 
Apigenin 16.09 ± 0.59 
Thymoquinone 1082.5 ± 0.24 
Tocopherol  
α-tocopherol 10.13 ± 0.15 
β- tocopherol 0.57 ± 0.01 
γ- tocopherol 67.45 ± 0.07 
δ- tocopherol 0.58 ± 0.01 
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taining α-tocopherol/γ-tocopherol/thymoquinone  
had significantly (p <0.05) lower PV than purified  
TAG enriched with a mixture of α-tocopherol/ 
thymoquinone and γ-tocopherol/thymoquinone at the 
end of storage.
Table V summarises the effects of minor bioactive con-
stituents on the formation of CD in (PBCO). Absorption 
at 232 nm is related to the formation of primary oxida-
tion products [13]. Therefore, K  values of oil samples 232

showed a pattern in good agreement with that of the 
PV. Conjugated diene contents of the oil samples 
increased significantly (p<0.05) with the increase in 
storage time, due to the formation of conjugated 
dienes [13]. K value of BCO slightly increased to 4.9, 232 

whereas K  value of PBCO was determined as 27.0 232

at the end of oven test. The lowest K  values were 232

observed for TAG enriched with BHT followed by BCO 
during 7 days of storage. When compared with oils 
containing individual bioactive constituents, γ-
tocopherol was found to be more effective in retarding 

ththe formation of oxidation up to 7  days. After this day, 
K  value of oil enriched with thymoquinone increased 232

to 22.6 which was lower than those of α- or γ-
tocopherol containing PBCO. During the storage 
period, purified TAG spiked with a mixture of 
thymoquinone, α-tocopherol and γ-tocopherol exhib-
ited the lowest K  value among α-, γ-tocopherol or 232

thymoquinone incorporated PBCO. Besides, γ-
tocopherol addition with thymoquinone had a lower 
K  value than α-tocopherol incorporated with 232

th th thymoquinone on the 7  and 10 day. 
Table VI shows the changes in AV and polymer 
triglyceride content during the storage at 60°C for 10 
days. AV measures the unsaturated aldehydes (princi-
pally 2-alkenals and 2,4-dienals) in oils [13]. AV of 
PBCO samples significantly increased with the stor-
age period (p<0.05), whereas AV of BCO did not 
change significantly (p>0.05). While AV of PBCO 
significantly (p<0.05) increased from 0.4 to 16.4, poly-
mer triglyceride contents of BCO was 1.44% at the 
end of 10 day. During storage, the lowest AV and poly-
mer triglyceride contents were observed in BCO and 
purified TAG enriched with BHT. Individual use of minor 
bioactive constituents retarded the increase in AV and 
polymer triglyceride content. Especially, γ-tocopherol 
caused lower values than α-tocopherol during storage 
at 60°C. 
The similar changes in AV of TAG was observed by 
Lampi et al. [28] who emphasised that tocopherols sig-
nificantly (p<0.05) retarded the formation of secondary 
products on rapeseed oil TAG according to AV mea-
surements. Binary mixtures of minor bioactive com-
pounds decreased AV and polymer triglyceride con-
tent compared with individual usage of these com-
pounds. Besides, ternary blend provided higher pro-
tection against oxidation than the individual and binary 
use of minor bioactive constituents. 
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The change in the content of minor constituents (α-, γ-
tocopherol and thymoquinone) in oil samples is given 
in Table VII. 
Tocopherol isomers in PBCO and BCO oil samples 
decreased significantly during storage (p<0.05). α-
Tocopherol was consumed sharply in purified TAG 
samples enriched with α-tocopherol and α-
tocopherol/thymoquinone after 3 and 5 days of stor-
age, respectively (p<0.05). The degradation of α-
tocopherol was slow in TAG containing ternary blends 
of minor bioactive constituents and BCO during stor-
age. α-Tocopherol content of BCO changed between 
10.13 to 19.46 mg/kg during thermal oxidation. It was 
believed that the bound and free thymoquinone and 
other antioxidant compounds found in the BCO 
caused regeneration of α-tocopherol. The degradation 
rate of γ-tocopherol was slower compared to α-
tocopherol during storage. Binary and especially ter-
nary mixtures of γ-tocopherol increased the remaining 
of γ-tocopherol in TAG samples. The amount of γ-
tocopherol in PBCO containing ternary bioactive com-
pounds was 12.15 mg/kg at the end of 10 days. As a 
result, decrease in both α- and γ-tocopherols was 
observed at the minimum level during storage at 60°C 
and these results agree with Kiralan et al. [11]. The 
change in tocopherol isomers are in accordance with 
the study of Wagner et al. [30] who reported that the 
loss of α-tocopherol was faster than γ-tocopherol in 
TAG-in-water emulsion at 40°C. The most stable con-
stituent was thymoquinone and the loss of this com-
pound was very slow during storage at 60°C. This sta-

ble behaviour for thymoquinone was observed in the 
study of Kiralan et al. [11]. 

4. CONCLUSION

This study showed that minor bioactive compounds 
play a major role in oxidation stability of BCO. α- and γ- 
tocopherols and thymoquinone retarded oil oxidation 
under accelerated conditions. γ-tocopherol was a 
more effective antioxidant than α-tocopherol isomer. 
Besides, the use of γ- tocopherol with other bioactive 
constituents enhanced oxidation stability of PBCO. 
Results indicated that γ-tocopherol and thymoquinone 
are better antioxidants under thermal conditions and 
contribute more to the oxidative stability of BCO. Other 
minor compounds (thymoquinone isomers, tocotri-
enols, sterols and carotenoids) which have antioxidant 
activity should be evaluated in order to find the reason 
of high oxidative stability of cold pressed BCO.        
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Table VII The remaining α-, γ-tocopherols and thymoquinone in BCO and PBCO stored under Schaal oven conditions at 60°C 

 Zero 1 3 5 7 10 
α-tocopherol       
TAG+α-TOCa 10.41±0.13a 2.07±0.11b 0.02±0.00c    
TAG+α-TOC + T 8.81±0.19a 7.22±0.98a 5.61±1.99ab 1.08±1.52b   
TAG+α-TOC+ 
γ-TOC +T 9.32±0.16a 5.70±1.23b 2.67±0.79bc 0.70±0.05c 0.03±0.00c 0.05±0.00c 
BCO  10.13±0.15d 19.20±0.41a 19.46±0.55a 16.14±0.69ab 14.59±1.41bc 11.69±0.82cd 

γ-tocopherol       
TAG+γ-TOC 55.54±6.05aA 56.75±5.71aB 43.99±2.79abC 34.91±5.08bC 0.07±0.00cC 0.04±0.00cC 
TAG+γ-TOC+T 66.75±1.89aA 47.44±9.58bB 53.19±1.47abBC 49.36±0.11bBC 0.16±0.03cC 0.45±0.01cC 
TAG+α-TOC+ 
γ-TOC+T 55.36±6.31aA 57.80±5.09aB 62.57±5.08aB 53.68±5.18aB 35.43±0.74bB 12.15±0.92cB 
BCO 67.45±0.07cA 127.45±3.54aA 132.68±0.13aA 124.30±2.75aA 136.32±7.39aA 109.54±1.76bA 

Thymoquinone       
TAG+T 960.5 ± 2.4aA 812.9 ± 73.0aB 773.0 ± 13.7aB 848.2 ± 25.5aAB 549.9 ± 23.5aC 501.4 ± 37.3bC 
TAG+α-TOC + T 960.5 ± 2.4bA 812.2 ± 17.6aB 787.3 ± 13.6aB 864.5 ± 11.8aAB 496.1 ± 45.2aC 508.6 ± 31.0bC 
TAG+γ-TOC + T 960.5 ± 2.4bA 805.3 ± 48.5aB 690.2 ± 33.9aBC 633.2 ± 39.6aCD 612.7 ± 46.3aCD 523.7 ± 16.8abD 
TAG+α-TOC+ 
γ-TOC +T 960.5 ± 2.4bA 775.7 ± 36.3aAB 868.3 ± 130.6aAB 675.5 ± 93.7aAB 619.4 ± 76.5aB 595.0 ± 44.3abB 
BCO 1082.5 ± 0.2bA 802.9 ± 60.3aAB 740.4 ± 89.4aAB 684.0 ± 156.9aAB 726.1 ± 197.4aAB 635.0 ± 14.9aB 
a Mean±SD (standard deviation). TAG, purified black cumin oil; BCO, cold pressed black cumin oil; T, thymoquinone; α-TOC, α-tocopherol;  
γ-TOC, γ- tocopherol; BHT, butylated hydroxytoluene.
a-d/a-c/a-b Means within each row with different superscripts are significantly different (p <0.05)
A-C/A-D Means within each column with different superscripts are significantly different (p <0.05)
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The change in the content of minor constituents (α-, γ-
tocopherol and thymoquinone) in oil samples is given 
in Table VII. 
Tocopherol isomers in PBCO and BCO oil samples 
decreased significantly during storage (p<0.05). α-
Tocopherol was consumed sharply in purified TAG 
samples enriched with α-tocopherol and α-
tocopherol/thymoquinone after 3 and 5 days of stor-
age, respectively (p<0.05). The degradation of α-
tocopherol was slow in TAG containing ternary blends 
of minor bioactive constituents and BCO during stor-
age. α-Tocopherol content of BCO changed between 
10.13 to 19.46 mg/kg during thermal oxidation. It was 
believed that the bound and free thymoquinone and 
other antioxidant compounds found in the BCO 
caused regeneration of α-tocopherol. The degradation 
rate of γ-tocopherol was slower compared to α-
tocopherol during storage. Binary and especially ter-
nary mixtures of γ-tocopherol increased the remaining 
of γ-tocopherol in TAG samples. The amount of γ-
tocopherol in PBCO containing ternary bioactive com-
pounds was 12.15 mg/kg at the end of 10 days. As a 
result, decrease in both α- and γ-tocopherols was 
observed at the minimum level during storage at 60°C 
and these results agree with Kiralan et al. [11]. The 
change in tocopherol isomers are in accordance with 
the study of Wagner et al. [30] who reported that the 
loss of α-tocopherol was faster than γ-tocopherol in 
TAG-in-water emulsion at 40°C. The most stable con-
stituent was thymoquinone and the loss of this com-
pound was very slow during storage at 60°C. This sta-

ble behaviour for thymoquinone was observed in the 
study of Kiralan et al. [11]. 

4. CONCLUSION

This study showed that minor bioactive compounds 
play a major role in oxidation stability of BCO. α- and γ- 
tocopherols and thymoquinone retarded oil oxidation 
under accelerated conditions. γ-tocopherol was a 
more effective antioxidant than α-tocopherol isomer. 
Besides, the use of γ- tocopherol with other bioactive 
constituents enhanced oxidation stability of PBCO. 
Results indicated that γ-tocopherol and thymoquinone 
are better antioxidants under thermal conditions and 
contribute more to the oxidative stability of BCO. Other 
minor compounds (thymoquinone isomers, tocotri-
enols, sterols and carotenoids) which have antioxidant 
activity should be evaluated in order to find the reason 
of high oxidative stability of cold pressed BCO.        
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Table VII The remaining α-, γ-tocopherols and thymoquinone in BCO and PBCO stored under Schaal oven conditions at 60°C 

 Zero 1 3 5 7 10 
α-tocopherol       
TAG+α-TOCa 10.41±0.13a 2.07±0.11b 0.02±0.00c    
TAG+α-TOC + T 8.81±0.19a 7.22±0.98a 5.61±1.99ab 1.08±1.52b   
TAG+α-TOC+ 
γ-TOC +T 9.32±0.16a 5.70±1.23b 2.67±0.79bc 0.70±0.05c 0.03±0.00c 0.05±0.00c 
BCO  10.13±0.15d 19.20±0.41a 19.46±0.55a 16.14±0.69ab 14.59±1.41bc 11.69±0.82cd 

γ-tocopherol       
TAG+γ-TOC 55.54±6.05aA 56.75±5.71aB 43.99±2.79abC 34.91±5.08bC 0.07±0.00cC 0.04±0.00cC 
TAG+γ-TOC+T 66.75±1.89aA 47.44±9.58bB 53.19±1.47abBC 49.36±0.11bBC 0.16±0.03cC 0.45±0.01cC 
TAG+α-TOC+ 
γ-TOC+T 55.36±6.31aA 57.80±5.09aB 62.57±5.08aB 53.68±5.18aB 35.43±0.74bB 12.15±0.92cB 
BCO 67.45±0.07cA 127.45±3.54aA 132.68±0.13aA 124.30±2.75aA 136.32±7.39aA 109.54±1.76bA 

Thymoquinone       
TAG+T 960.5 ± 2.4aA 812.9 ± 73.0aB 773.0 ± 13.7aB 848.2 ± 25.5aAB 549.9 ± 23.5aC 501.4 ± 37.3bC 
TAG+α-TOC + T 960.5 ± 2.4bA 812.2 ± 17.6aB 787.3 ± 13.6aB 864.5 ± 11.8aAB 496.1 ± 45.2aC 508.6 ± 31.0bC 
TAG+γ-TOC + T 960.5 ± 2.4bA 805.3 ± 48.5aB 690.2 ± 33.9aBC 633.2 ± 39.6aCD 612.7 ± 46.3aCD 523.7 ± 16.8abD 
TAG+α-TOC+ 
γ-TOC +T 960.5 ± 2.4bA 775.7 ± 36.3aAB 868.3 ± 130.6aAB 675.5 ± 93.7aAB 619.4 ± 76.5aB 595.0 ± 44.3abB 
BCO 1082.5 ± 0.2bA 802.9 ± 60.3aAB 740.4 ± 89.4aAB 684.0 ± 156.9aAB 726.1 ± 197.4aAB 635.0 ± 14.9aB 
a Mean±SD (standard deviation). TAG, purified black cumin oil; BCO, cold pressed black cumin oil; T, thymoquinone; α-TOC, α-tocopherol;  
γ-TOC, γ- tocopherol; BHT, butylated hydroxytoluene.
a-d/a-c/a-b Means within each row with different superscripts are significantly different (p <0.05)
A-C/A-D Means within each column with different superscripts are significantly different (p <0.05)
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