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Introduction

Fats and oils are important parts of daily diet and have 
been used as media for mass production in the food indus-
try. Deep fat frying or shallow frying are good examples of 
food processing using fats and oils (Choe and Min, 2006). 
However, excessive heating of fats and oils can accelerate 
the rate of lipid oxidation, which deteriorates the sensory 
or nutritional quality of foods and leads to the formation of 
toxic chemicals.

Heating methods using infrared irradiation or hot-air 
circulation have been recently introduced, and the market 
share of cooking appliances based on these heating meth-
ods is increasing. An infrared cooker utilizes an electromag-
netic spectrum with wavelengths ranging between 0.5 and 
100 μm, which can be absorbed by water molecules and 
ions in foods, resulting in an increase in temperature (Ras-
togi, 2012a; Riadh et al., 2015). Foods subjected to infrared 
irradiation have a lower fat content than those subjected to 
deep fat frying. Infrared irradiation has several advantages, 
including efficient heat flux, uniform heating, and lower deg-
radation of food ingredients, compared to the convective and 
conductive heat transfer, and it has been applied in diverse 
food processes (Bagheri et al., 2016; Rastogi, 2012b; Riadh 
et al., 2015; Yu et al., 2021).

An air fryer circulates a hot air stream in the fryer 
chamber, and oil and moisture from food may act as heat 
transfer media. Foods prepared via air frying have low 
acrylamide and absorbed oil contents (Rahman et  al., 
2016; Teruel et al., 2015). Air-fried foods have 70–80% 
lower oil content than that of deep fat-fried foods, partly 
due to the removal of excess oil from foods (Sansano 
et al., 2015). The cooking time and temperature of an air 
fryer can be decreased owing to the continuous flow of 
hot air (Sani et al., 2014). The degree of lipid oxidation 
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in air-fried foods is high, partly due to the denaturation of 
heme proteins caused by continuous oxygen exposure and 
high temperature (Cropotova et al., 2019).

Recently, demand for an infrared cooker and air fryer is 
increasing among consumers who want to cook meals at 
home (Lang et al., 2022; Song et al., 2020). As an infra-
red cooker and air fryer deliver thermal energy through 
air, the degree of lipid oxidation or formation of oxidized 
volatiles may be different in bulk oil compared to that 
in a conventional cooking oven. Limitation of oxygen 
molecules in an air fryer may play an important role in 
reducing the degree of lipid oxidation in oils. Moisture 
content is another important factor responsible for lipid 
oxidation in oils (Budilarto and Kamal-Eldin, 2015; Park 
et al., 2014). Moisture and amphiphilic minor compounds 
may form association colloids in edible oils, and the inter-
face of the association colloids may act as a major oxida-
tion site (Chaiyasit et al., 2007; Grosshagauer et al., 2019; 
Kim et al., 2018). Generally, moisture content increases 
as the degree of oxidation increases because amphiphilic 
compounds can carry water molecules in the headspace 
(Budilarto and Kamal-Eldin, 2015; Park et al., 2014). In 
addition, moisture can act as a substrate for the formation 
of volatiles via lipid oxidation (Lee et al., 2018; Oh et al., 
2017).

Although diverse cooking devices have replaced the con-
ventional cooking oven, information on the degree of lipid 
oxidation in edible oils is scarce.

The objectives of this study were to evaluate the degree of 
lipid oxidation in edible oils heated using an infrared cooker, 
air fryer, and a conventional cooking oven, and to compare 
the contents of volatiles, including formaldehyde (FA) and 
acetaldehyde (AA), in oils subjected to different cooking 
methods.

Materials and methods

Materials

Corn oil was purchased from a local grocery market 
(Suwon, Korea). AA, FA, and 50/30 mm Divinylbenzene/
Carboxen/Polydimethylsiloxane (DVB/CAR/PDMS) Stable-
Flex were purchased from Sigma Aldrich (St. Louis, MO, 
USA). 1,2-13C2-acetaldehyde was purchased from Toronto 
Research Chemicals (Toronto, Canada). O-(2,3,4,5,6-Pen-
tafluoro-benzyl)-hydroxylamine hydrochloride (PFBHA) 
and 2,2-diphenyl-1-picrylhydrazyl (DPPH) were purchased 
from Sigma Aldrich. Isooctane and methanol were pur-
chased from Daejung Chemical Co. (Seoul, Korea). Other 
chemicals were of reagent grade and obtained from Daejung 
Chemical Co.

Sample preparation

To determine the effects of infrared cooking on oxidative 
stability of corn oil, 6 g of corn oil was placed in a 30 mL 
vial, and the vial was placed in a round-shaped rack under 
an infrared cooker (L9282; Convex, Seoul, Korea). The dis-
tance between the infrared light source and vials was main-
tained at 5 cm, and vials were removed from the deck every 
20 min for 120 min. Temperature of the infrared cooker was 
set at 180 °C.

The vials containing 6 g of corn oil were placed in an air 
fryer (Simeo, Seoul, Korea) and heated for 20, 40, 60, 80, 
100, and 120 min. Temperature of the air fryer was set at 
200 °C, consistent with the preliminary studies.

Control vials, containing 6 g of corn oil, were placed in a 
conventional cooking oven (EON-C500F; SK magic, Seoul, 
Korea) at 160 °C and sampled every 20 min for 120 min. 
All samples were collected in triplicate at each time point.

The heating temperature of the three devices was adjusted 
based on preliminary studies. Although temperature setting 
was different in cooking devices, actual temperature of all 
the sample oils was measured about 160-169.2 °C. Oil sam-
ples from the infrared cooker, air fryer, and cooking oven 
were denoted as IR, AF, and CO, respectively.

Moisture content and temperature analyses

The moisture content of oil was determined using a cou-
lometric Karl Fischer titrator (C20; Mettler-Toledo Intl., 
Columbus, OH, USA) according to the previous study (Lee 
et al., 2018). The temperature of oil was determined using a 
digital thermometer TP-300 (Zhejiang, China).

Analysis of conjugated dienoic acid (CDA) 
and p‑anisidine value (p‑AV)

The CDA and p-AV of oil samples were measured according 
to the AOCS methods Ti 1a-64 and Cd 18–90, respectively 
(AOCS, 2006).

DPPH loss for antioxidants and oxidation products 
in oils

DPPH radicals were dissolved in methanol and isooctane at a 
final concentration of 0.1 mM. Oil samples were mixed with 
methanol at a final concentration of 40,000 mg/L (w/v). The 
mixture of corn oil and methanol was vortexed for 1 min and 
centrifuged at 12,225×g for 3 min. The supernatant (0.25 
mL) was allowed to react with 0.75 mL of 0.1 mM DPPH in 
methanol. For preparing isooctane solvent, 0.75 mL of 0.1 
mM DPPH in isooctane was mixed with 0.25 mL of the mix-
ture containing 40,000 mg/L (w/v) oil. The absorbance of the 
sample mixture was measured using a UV/VIS-spectrometer 
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(Genesys 10UV; Thermo Fisher Scientific Inc., Waltham, 
MA, USA) after allowing it to react in the dark for 30 min. 
The absorbance of DPPH dissolved in methanol and isooc-
tane was determined at 517 and 509 nm, respectively. The 
absorbance of DPPH was expressed as DPPH loss, accord-
ing to previous reports (Song et al., 2016,  2017).

Analysis of headspace volatiles via solid‑phase 
microextraction (SPME)

The SPME conditions for analysis of volatile compounds 
were adapted from the method described by Kim et  al. 
(2021). To equilibrate volatile compounds in the headspace, 
sample vials were placed in a water bath (RW-0525G; Lab 
Camp, Incheon, Korea) at 30 °C for 30 min and then shifted 
to the agitator of a multipurpose sampler (MPS; Gerstel, 
Mülheim, Germany). Headspace volatile compounds were 
isolated and extracted for 30 min using a 50/30 mm DVB/
CAR/PDMS StableFlex solid phase at 30 °C.

Volatile compounds attached to the solid phase of SPME 
equipment were separated and identified using Hewlett-
Packard 6890 GC (Agilent Technology, Palo Alto, CA, 
USA) equipped with a 5971  A mass selective detector 
(MSD; Agilent Technology, Palo Alto, CA, USA) and a DB-
5ms column (30 m ⋅ 0.25 mm i.d., 0.25 μm film thickness; 
Agilent J&W, Folsom, CA, USA). The solid phase of SPME 
equipment was exposed in an injector port for 3 min. Helium 
was used as a carrier gas at a flow rate of 1.0 mL/min; oven 
temperature was held at 40 °C for 3 min and increased grad-
ually to 150 °C at a rate of 4 °C/min and then to 220 °C at a 
rate of 15 °C/min. All mass spectra were obtained at 70 eV 
and an ion source temperature of 220 °C. The Kovat index of 
volatile compounds was obtained using a mixture of alkane 
standards (C8-C20). Compounds were identified based on a 
combination of NIST mass spectra and gas chromatographic 
retention times of some standard compounds.

Analysis of acetaldehyde and formaldehyde

AA and FA were analyzed using the method reported by Kim 
et al. (2021), with some modifications. Briefly, 1 g of oil was 
placed in a 10 mL vial along with 50 µL of 1,2-13C2-acetal-
dehyde (as an internal standard) and 4.95 mL of a 30% NaCl 
solution. Then, 100 mg of potassium hydrogen phthalate 
and 0.05 mL of PFBHA (10 mg/mL) were added for deri-
vatization, and the samples were air-tight sealed. Sample 
vials were placed in a shaking water bath (Lab Companion, 
Seoul, Korea) at 45 °C for 40 min at 75 rpm. SPME-GC/MS 
was used to analyze volatile compounds. Data were acquired 
in the selected ion monitoring mode (SIM mode). AA and 
FA were quantified by calibration curves, using standard 
materials of analytical grade. The derivatives of AA, FA, 
and 1,2-13C2-acetaldehyde were quantified at m/z 209, 195, 

and 211, respectively. The coefficient of determination ( r2 ) 
of the calibration curves for AA and FA was 0.9996 and 
0.9969, respectively.

Statistical analysis

Data on physicochemical properties and oxidation param-
eters were analyzed with ANOVA and Duncan’s multiple 
range test using the SPSS software program (version 19; 
SPSS Inc., Chicago, IL, USA). Statistical significance was 
set at p < 0.05.

Results and discussion

Physicochemical properties and degree of oxidation 
of oils

Changes in moisture content and temperature of corn oil 
depending on the treatment duration in infrared cooker, air 
fryer, and cooking oven are shown in Table 1.

The temperature of oil from infrared cooker, air fryer, 
and cooking oven was in the range of 160–169.2  °C, 
161–164.7 °C, and 163.5–168.1 °C, respectively. This means 
that the temperature of oil in this study was not signifi-
cantly different with respect to heating duration (p > 0.05) 
(Table 1).

Moisture content decreased in corn oil, irrespective of the 
device type. For the first 20 min, AF had the lowest moisture 
content, followed by IR and CO, in a decreasing order. Mois-
ture content in CO remained high after 120 min; moreover, 
it did not differ significantly in AF and CO after 80 min 
(p > 0.05). The high moisture content in CO implied that 
heat treatment using a conventional oven did not effectively 
reduce the moisture content of corn oil, even when the tem-
perature of oil was not lower than that of AF and IR. Heat 
energy can be transferred through convection, conduction, 
and radiation (Riadh et al., 2015). Although both air fryer 
and cooking oven can evaporate moisture from oils through 
conduction and convection, hot air circulation in an air fryer 
may reduce the moisture content of oil more efficiently than 
the cooking oven. As infrared radiations can penetrate the 
food, lower moisture content through superior thermal effi-
ciency can be achieved in an oil matrix (Riadh et al., 2015).

Effects of heating oil in an infrared cooker, air-fryer, and 
a cooking oven on the changes in CDA (a) and p-AV (b) in 
corn oil are shown in Fig. 1. After 20 min of treatment, the 
CDA values of corn oil were not significantly different irre-
spective of the cooking device used (p > 0.05). After 40 min 
of treatment, CO had significantly higher CDA values than 
AF and IR (p < 0.05). AF showed the lowest CDA value, 
followed by IR and CO, in an increasing order (Fig. 1a). For 
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secondary oxidation products, CO showed a significantly 
higher p-AV, than IR and AF, after 40 min of treatment 
(p < 0.05). The p-AV value of AF was higher than that of 
IR after the first 20 min; however, this trend changed after 
80 min of treatment (Fig. 1b). Overall, CO showed the high-
est degree of lipid oxidation. Infrared irradiation accelerated 
the rate of lipid oxidation compared to hot-air circulation in 
air fryer, which could be partly due to the limited oxygen 
molecules under air-tight conditions of the air fryer.

Changes in DPPH loss in methanol (a) and DPPH loss 
in isooctane (b) in edible oils heated in different cooking 
devices are shown in Fig. 2. DPPH loss in methanol provides 
information on the quantity of radical-scavenging antioxi-
dants in oils (Song et al., 2016, 2017). DPPH loss in AF was 
significantly higher than that in IR and CO, in a decreasing 
order, which implies that AF contained the highest amount 
of antioxidants, while CO had the lowest antioxidant content 
(Fig. 2a). DPPH loss in isooctane indicates the contents of 
antioxidants and radical-scavenging oxidized lipids in oils 
(Song et al., 2016, 2017). DPPH loss in isooctane from CO 
was the lowest, followed by that in isooctane from IR and 
AF, in an increasing order. Interestingly, the first 20 min 
treatment resulted in a difference between DPPH loss in 
methanol and isooctane. Approximately 15% of DPPH loss 
in isooctane decreased, while less than 3% of DPPH loss in 
methanol decreased, which implies that more amount of oxi-
dation products was generated than the amount of depleted 
inherent antioxidants in oil.

Headspace volatile profile analysis

Changes in the total volatile content (a) and selected groups 
of volatile compounds (b) in edible oil with respect to heat-
ing duration in different cooking devices are shown in Fig. 3. 
IR had the highest total volatile content, followed by CO 
and AF, in a decreasing order, irrespective of the treatment 
time (Fig. 3a). After 40 min of treatment, total peak area of 
IR was 1.55 and 2.49 times higher than that of CO and AF, 
respectively. Differences in the total peak area among the 
heated oils increased further, and after 120 min, the total 
peak area of IR was 2.57 and 5.37 times higher than that of 
CO and AF, respectively (Fig. 3a). Although CO underwent 
oxidation to a greater extent, as shown by the primary and 
secondary oxidation products (Fig. 1), the total headspace 
volatile content was the highest in IR. In general, as the more 
oxidation proceeds, the more volatile compounds are gener-
ated. This unexpected result could be due to the differences 
in lipid oxidation and heat delivery mechanisms among dif-
ferent cooking devices.

The major volatile compounds present in corn oil heated 
using different cooking devices are shown in Table 2. Before 
heat treatment, the presence of all lipid oxidation products, Ta
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including hexane, 2-octene, t-2-heptenal, 1-pentanol, hep-
tane, and heptanal, was observed in corn oil. After 40 min 
of heat treatment, a total of 14 oxidation volatile compounds 
were identified in the heated oil; however, the volatile con-
tent profile was slightly different. Hexanal was the most 
detected volatile compound, followed by t-2-heptenal, irre-
spective of the cooking device used. After 80 and 120 min, 
hexanal was the dominant volatile compound in CO and AF, 
respectively, while 2-heptenal was the most abundant com-
pound in IR. Moreover, after the heating duration increased 
to 120 min, the contents of 2-pentyl furan, 2,4 decadienal, 
and 2-octenal increased substantially.

After 120  min, hexanal content was approximately 
18–19% in CO and IR and approximately 30% in AF. In 

addition, after 120 min, the contents of 2-pentyl furan and 
2,4 decadienal were approximately 10.7% and 13% of the 
total volatile content in CO and IR, respectively, and 8.8% 
and 10.5%, respectively, in AF.

Hexanal and 2,4 decadienal are formed from 13- and 
9-carbon hydroperoxides in linoleic acid, respectively, while 
t-2-heptenal and 1-octen-3-ol are formed by singlet oxygen 
oxidation of linoleic acid (Choe and Min, 2006; Oh et al., 
2015). Generally, corn oil contains 53.6% linoleic acid and 
1.6% linolenic acid, and hexanal has been used as an indica-
tor to determine the rate of lipid oxidation in oils containing 
linoleic acid (Chen et al., 2012; Lee and Decker, 2011). In 
case of t-2-heptenal and 1-octen-3-ol, which are major vola-
tile compounds, singlet oxygen oxidation is likely to occur 

Fig. 1  Effects of an infrared 
cooker, an air-fryer, and a 
cooking oven treatment on the 
changes of conjugated dienoic 
acid (CDA) (A) and p-anisidine 
value (p-AV) (B) in corn oil. 
IR, AF, and CO were corn oils 
from the infrared cooker, the 
air-fryer, and the cooking oven, 
respectively. Different letters at 
120 min were significant differ-
ent at 0.05
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in the system. IR had relatively high contents of t-2-heptenal 
and 1-octen-3-ol compared to those in CO and AF, which 
implies that oxidation by reactive oxygen species, includ-
ing singlet oxygen, may occur during infrared irradiation. 
Therefore, more volatiles in infrared irradiated oils could be 
partly due to the singlet oxygen oxidation.

Analysis of acetaldehyde and formaldehyde

Changes in AA and FA concentrations in oils, depending 
on the type of heating appliance, are shown in Fig. 4. AA 
and FA were not detected in unheated corn oil (data not 
shown). AA is the secondary product of lipid oxidation of 
polyunsaturated fatty acids (Hsieh and Kinsella, 1989). AA 
is naturally present in fruits, vegetables, dairy products, fruit 
drinks, meat, and fish (Miyake and Hibamoto, 1993). FA is 
naturally present in foods such as fruits, vegetables, meat, 
fish, and crustaceans. FA is used as a preservative, reduc-
ing agent, fumigant, or sterilizing agent in various foods 
(Norliana et al., 2009). Strecker degradation of glycine and 
lipid oxidation of polyunsaturated fatty acids can generate 
FA (Jung et al., 2021; Velíšek et al., 1989). FA has been 
classified as carcinogenic to humans (Group 1) by the Inter-
national Agency for Research on Cancer (IARC 2016).

Interestingly, AA and FA were formed differently depend-
ing on the type of heating appliance used. After heating for 
20 and 40 min, the content of AA in IR was the lowest, fol-
lowed by that in AF and CO, in an increasing order. How-
ever, this trend was not observed after 80 min of treatment. 
The content of AA in AF was lowest after 80 min of treat-
ment, which might be due to the limited amount of oxygen 
molecules and low degree of lipid oxidation, as shown in 

Figs. 1 and 3. Generally, IR had a low AA content, whereas 
CO had the highest AA content. AA content seems to be 
closely correlated with the degree of lipid oxidation.

A slightly different profile was observed for FA compared 
to that of AA. The lowest FA content was observed in IR 
after treatment for 20–100 min compared to that observed 
in other samples. AF had a significantly higher FA content 
than IR after 20 min of treatment (p < 0.05); however, CO 
and AF did not show a uniform trend with regard to FA 
content (Fig. 4b).

Formation of AA and FA from decomposition of alde-
hydes, including 2-pentenal, 2-octenal, 2,4-heptadienal, and 
2,4-decadienal, during thermal treatment has been reported 
(Zamora et al., 2015). Considering profile changes, AA is 
more correlated with the degree of lipid oxidation than FA. 
AA can be formed as a secondary oxidation product or via 
decomposition directly from other long-chain aldehydes. 
Interestingly, oxygen molecules and other factors seemed to 
limit the formation of FA in AF and IR.

Infrared irradiation mainly utilizes thermal energy, 
whereas an air-fryer circulates heated air inside the man-
tle using ‘rapid air technology’. Due to the limited amount 
of oxygen molecules and moisture content, relatively high 
oxidative stability of edible oils was expected. However, 
presence of moisture in the headspace of edible oils, which 
may migrate into the oil matrix, could be another factor 
determining the degree of lipid oxidation. Moisture can act 
as an interface for lipid oxidation through formation of asso-
ciation colloids and a substrate for volatile formation after 
β-scission of lipid hydroperoxides (Laguerre et al., 2015; 
Lee et al., 2018; Park et al., 2014). For the first 20 min, 
AF had a higher degree of lipid oxidation, as determined 
from CDA and p-AV, than IR. The limited amount of oxygen 

Fig. 4  Formaldehyde and 
acetaldehyde content in corn 
oil by an infrared cooker, an 
air-fryer, and a cooking oven. 
IR, AF, and CO were corn oils 
from the infrared cooker, the 
air-fryer, and the cooking oven, 
respectively. Different letters on 
the bar were significant different 
at 0.05
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molecules in an air fryer could be a crucial factor in enhanc-
ing the oxidative stability of heated bulk oils. Considering 
volatile profiles and other oxidation parameters, edible oil 
heated using an air fryer had the highest oxidative stabil-
ity compared to oils heated using an infrared cooker and a 
cooking oven.

An infrared cooker provides thermal energy primarily by 
irradiation, while a conventional oven provides both ther-
mal energy and the driving force for air circulation. IR had 
relatively low CDA and p-AV and high contents of head-
space volatiles compared to AF, which implies that infrared 
irradiation rather than thermal energy plays an important 
role in the formation of volatiles in oxidized oils. In addi-
tion, oxidation by reactive oxygen species, including sin-
glet oxygen, is likely to be involved in the oxidation of IR 
mainly through formation of t-2-heptenal and 1-octen-3-ol, 
as shown in Table 2.

In conclusion, edible oils containing unsaturated fatty 
acids undergo lipid oxidation after heat stimulation, which 
causes the formation of volatiles, including aldehydes, alco-
hols, and ketones. Heating in conventional oven resulted in 
a high degree of lipid oxidation in edible oils, followed by 
that in infrared cooker and air fryer, in a decreasing order. 
However, more volatiles, which may be formed by reactive 
oxygen species, including singlet oxygen, were detected in 
the oil heated using an infrared cooker. In an air fryer, oxy-
gen molecules could be a rate-limiting factor, resulting in a 
low degree of lipid oxidation and volatile content. Oxidation 
products from bulk oils differed depending on the type of 
cooking device. Infrared cooker promoted the formation of 
odor-active volatiles, while air fryer reduced the degree of 
oxidation due to limited amount of oxygen molecules.
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