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Abstract

Fatty acids in edible oil will be oxidized into aldehydes and ketones during hot processing, which will produce 
polycyclic aromatic hydrocarbons (PAHs) and other harmful substances to human health. Hazelnut oil was heated 
under different temperatures and times. For each type of oil sample, fatty acid composition, glyceride core alde-
hyde (GCAs), and PAHs were investigated. The correlation between these indicators was analyzed by the Pearson 
correlation coefficient. As the main component of hazelnut oil, oleic acid plays an essential role in the formation 
of GCAs. For GCAs, 9-oxo and 10-oxo-8 compounds were detected. The content of 9-oxo increased with the 
temperature, while there was no significant change in 10-oxo-8. There exist 15 kinds of PAHs in hazelnut oil. 
Correlation result shows that GCAs were strongly correlated with six kinds of PAHs (BaA, CHR, BbF, PYR, BaP, 
and IPY), which shows that GCAs are the precursor of several kinds of PAHs. The research provides strong theo-
retical guidance for the edible safety and control methods of hazelnut oil.
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Introduction

Hazelnut oil, recognized as a premium edible oil, is 
characterized by its high unsaturated fatty acid content. 
However, when exposed to oxygen in the air, these unsatu-
rated fatty acids can undergo oxidation. This reaction can 
result in the formation of short-chain carbon compounds 
such as ketones, aldehydes, and certain acidic substances. 
Additionally, the oxidation process can impart a pungent 
and distinctive odor to the oil. Over time, these chemi-
cal changes can lead to a significant reduction in the 
oil’s quality, and in some cases, may even render it unfit 
for consumption (Picklo et al., 2011). During high tem-
peratures, this process will be strengthened, and more 
complex chemical reactions will occur. Therefore, ther-
mal oxidation is worth an in-depth study, especially for 
hazelnut oil. During thermal oxidation, including pro-
cesses such as hydrolysis and thermal polymerization 

(Nachay,  2011), various compounds will form. These 
include hydroxyl fatty acids, TAG oxide monomers, 
polymerization products, trans-fatty acids, sterol deriv-
atives, and other substances (Guillen and Uriarte, 2012).

Glyceride core aldehydes (GCAs) are a class of non-
volatile higher aldehydes formed during lipid oxidation, 
which are often bonded to other scaffolds (sterols, tri-
glycerides, and phosphoesters) by acyl groups. Aldehydes 
have long been focused on due to their genotoxic and 
cytotoxic molecules, whose toxic mechanisms involve 
the formation of adjuncts with biomacromolecules (DNA 
and proteins) that lead to cell inactivation. Non-volatile 
aldehydes have lipophilic properties, which can directly 
act on biofilm after ingestion by the human body through 
edible oil, leading to the destruction of biofilm struc-
ture (Edenharder et al., 1998). α,β oxidized unsaturated 
aldehydes, which are active in nature, are a type of free 
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HCl, methyl tert-butyl ether, sulfuric acid-methanol, 
Methyl pentadecanoate, sodium sulfate, acetone, isooc-
tane, and methylene chloride were purchased from 
Sinopharm Chemical Reagent Group Co., Ltd. (SCRC), 
Shanghai, China.

Oil sample hot processing

Hazelnut oil underwent heating treatments at tempera-
tures of 60°C, 90°C, 120°C, 150°C, 180°C, and 210°C for 
both 5 and 10 min. This range encompasses tempera-
tures commonly used in everyday life and in various 
production processes, including cold blending, mild heat 
treatment, slight warming, and deep frying. The study 
encompassed a total of 14 distinct treatments, with each 
treatment being replicated three times.

For the procedure, 50 mL of hazelnut oil were poured 
into a 250 mL beaker. The beaker was then placed 
in an electric water bath with a thermostatic control 
(model XMTD-8222, manufactured by Guohua Electric 
Appliance Co., LTD) for heating to the designated tem-
perature and time. After processing, the samples were 
stored at a temperature of -20°C.

Fatty acid composition

Fatty acids were methylated and chemically converted 
into their volatile esters in transesterification reaction. 
Fatty acid methyl esters (FAME) were prepared according 
to the method  by Kravic et al. (2010) with some modifi-
cations. 170 µL of hazelnut oil and 2.4 mL of n-hexane 
were added to a test tube with a stopper. Then, 0.6 mL of 
2 mol/L KOH in methanol was added and shaken for 20 s. 
Following this, the closed test tube was placed in a heated 
water bath at 70°C for 1 min, after which it was removed 
from the water bath and shaken for 20 s. Afterwards, 1.2 
mL of 1 mol/L HCl in methanol was added to the tube 
and left until separated into two phases. After phase sep-
aration, 1 µL of fatty methyl esters in n-hexane (upper 
phase) was injected into the gas chromatograph (Dragana 
et al., 2023), with three replicates per treatment.

The gas chromatography-mass spectrometry (GC-MS) 
analysis was conducted using an Agilent 7890-5975 
instrument (Agilent Technologies, America International 
Pte. Ltd). An HP-FFAP (30 m×0.250 mm×0.25 μm) elas-
tic quartz capillary column was used for gas chroma-
tography. The heating procedure consisted of an initial 
temperature of 50°C, then rising to 250°C at 10°C/min 
for 5 min, the vaporization temperature was 260°C. The 
carrier gas was helium at a 0.4 MPa pressure and an 
injection volume of 1 μL. The area normalization method 
was used for quantitative analysis. The relative content 

aldehydes produced by the degradation of hydroperoxides 
of unsaturated fatty acids (Zarkovic, 2003). Additionally, 
4-hydroxy-2-trans-nonenal (HNE) is suspected to be 
associated with liver disease, atherosclerosis, Alzheimer’s 
disease, Parkinson’s disease, and Huntington’s syndrome 
(Csallany et al., 2015). It can also cause DNA and mito-
chondrial damage, affecting the expression of cancer-
related proteins (Pryor and Porter, 1990).

It is well-known that polycyclic aromatic hydrocarbons 
(PAHs) are one of the IARC Type 1 carcinogens. PAHs 
are mainly ingested by the human body through food 
(Sartori and Gaion, 2016). During the frying process, 
the elevated temperatures within the system facilitate 
extensive substance interchange and chemical reactions. 
Consequently, harmful substances can be inadvertently 
ingested by individuals through the consumption of fats 
(Dragana et al., 2023). So the safety of edible oil has been 
widely concerned (Purcaro et al., 2013). Thus, the quality 
of frying oils should be controlled.

Over the past few years, there has been a notable increase 
in the application of statistical methods, machine learn-
ing techniques, and computer vision within the field 
of food analysis (Abamba et al., 2021; Fan et al., 2020). 
Techniques such as principal component analysis (PCA) 
have become particularly prevalent in the analysis of 
food imagery (Rodríguez et al., 2018). Additionally, 
cross-correlation, a more recent addition to the analyti-
cal toolkit, has been employed to study the structure and 
distribution of gels and fats in microscopic images of var-
ious food systems (Glover et al., 2019; Gregersen et al., 
2021). Furthermore, conducting correlation analysis on 
the production of oil oxidation can shed light on the 
pathways leading to the formation of harmful substances.

Previous studies have indicated a strong correlation 
between the formation of PAHs and the content of polar 
components in the hot processing of edible oil (Zhu 
et  al., 2018). Due to the polarity of GCAs, the gener-
ation of PAHs is probably related to GCAs. In the cur-
rent research, a correlation model was developed using 
Pearson’s method to explore the link between the forma-
tion of GCAs and PAHs. Under conditions of thermal 
oxidation, which are quite complex, the study deduced 
the formation pathway of PAHs, known to be potent car-
cinogens, by correlating them with the harmful byprod-
ucts resulting from the autooxidation of oil.

Materials and Methods

Materials and reagents

Hazelnut oil, made by cold pressing (purchased from 
Tieling Sanneng Hazelnut Oil Co., LTD). n-hexane, KOH, 
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internal standard method. The quantitative formula is as 
follows:

	

i
i i

is

Am f
A

α′= × ×

where, mi is the GCAs content (mg), Ai is the methyl 
aldehyde esters (core methyl aldehyde esters peak area), 
Ais is the peak area of the internal reference material, mi 
is the mass of the internal standard added to the sample 
(0.1 mg), f’

i is the relative correction factor of 1, α is the 
conversion factor of methyl aldehyde ester into GCAs 
content, α(9-oxo) = 4.16 and α(10-oxo-8) = 3.96.

Determination of PAHs

Standard solution configuration
A stock solution containing a blend of 16 priority PAHs 
was procured from Merck in Sao Paulo, SP, Brazil, 
with a 10 mg/L concentration. This mixture encom-
passes a range of PAHs including Naphthalene (NAP), 
Acenaphthylene (ANY), Acenaphthene (ANA), Fluorene 
(FLU), Phenanthrene (PHE), Anthracene (ANT), 
Fluoranthene (FLT), Pyrene (PYR), Benzo[a]anthracene 
(BaA), Chrysene (CHR), Benzo[b]fluoranthene (BbF), 
Benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), 
Indeno[1,2,3-cd]pyrene (IPY), Dibenzo[a,h]anthracene 
(DBA), and Benzo[g,h,i]perylene (BPE). For the devel-
opment of a calibration curve, several standard solutions 
were prepared at different concentrations:

•	 An initial standard solution was made at a concentra-
tion of 100.0 ng/mL, from which aliquots of 20.0 μL, 
40.0 μL, 50.0 μL, and 80.0 μL were taken using eight 
injection bottles.

•	 A second standard solution was prepared at a higher 
concentration of 500.0 ng/mL, with aliquots of 20.0 
μL, 40.0 μL, 50.0 μL, and 100.0 μL being used.

•	 A dilute series of standard solutions were also pre-
pared with concentrations varying from 10.0 ng/mL 
to 250.0 ng/mL. These were made up to a final volume 
of 200.0 μL using a solvent mixture of acetone and 
isooctane in a 1:1 ratio.

This methodical preparation of standard solutions allows 
for the accurate quantification and analysis of PAHs in var-
ious samples, ensuring the reliability of the results obtained 
from subsequent analytical techniques such as GC-MS.

Sample pretreatment
First, precisely weigh out 1.000 g of the oil sample and 
place it into a 15 mL centrifuge tube. Then, add 5 mL  

of each component were obtained, and the total unsatu-
rated fatty acids, monounsaturated fatty acids, and poly-
unsaturated fatty acids were calculated.

Determination of GCAs 

The GCA was determined using the method described in 
one of our previous research studies (Liu et al., 2022). 

A 300 mg sample was accurately weighed into a 50 mL 
capped centrifuge tube. To this, 100 μL of an internal 
standard solution at a concentration of 1 mg/mL, 3 mL 
of tert-butylmethyl ether, and 2 mL of a 0.2 M sodium 
methoxide solution were sequentially added. The tube 
was securely sealed and mixed for 1 min on a vor-
tex oscillator (model UVS-1, Beijing Yousheng United 
Technology Co., LTD), followed by a 2-min equilibration 
period at room temperature (25°C). Subsequently, 0.1 mL 
of a 0.5 M sulfuric acid-methanol solution was introduced 
to neutralize the generated base, followed by a 5-second 
vortex mixing. Afterward, 3 mL of ultrapure water was 
added, and the mixture was vortexed for 10 s at a speed 
of 3500 revolutions per minute (r/min), then centrifuged 
for 5 min. The supernatant organic layer was carefully 
transferred to a 5 mL pressure-capped centrifuge tube, 
and a nitrogen blower at 45°C was used to evaporate the 
solvent. Once the solvent had fully evaporated, the resi-
due was reconstituted in 1 mL of HPLC-grade n-hexane, 
to which anhydrous sodium sulfate was added and vor-
tex mixed for 2 s. The sample solution was then drawn 
up using a 1 mL disposable syringe, filtered through a 
0.22 μm organic filter membrane, and transferred into 
a 2 mL brown sample vial. This process being repeated 
three times for each sample to ensure reproducibility. 
The gas GC-MS analysis was performed using an Agilent 
7890-5975 instrument (Agilent Technologies, America 
International Pte. Ltd). An HP-INNOWAX (30  m × 
0.250 mm × 0.25 μm) polydimethylsiloxane-coated fused 
silica capillary column was utilized for the gas chroma-
tography separation.

GC conditions: The heating procedure is as follows: the 
initial temperature was 90°C for 2 min, then the tempera-
ture was raised to 240°C at 6°C/min, and maintained at 
240°C for 10 min. The temperature of the detector and 
injector was 250°C. The injection volume was 1.0 μL with 
a split ratio of 1:40 For split injection using high purity 
He as the carrier gas at a flow rate of 1.2 mL/min. The MS 
conditions were: 250°C transmission line temperature, 
200°C ion source temperature, electron spray ionization 
(ESI) ionization mode, and 70 eV electron bombardment 
energy. The scanning range is 40–240 with scanning 
speed of 0.2 scan/s in full scan mode. The chromato-
graphic peaks of each target component were automati-
cally integrated, and their contents were calculated by the 
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ANOVA and Pearson correlation analysis of data. Each 
group of tests was repeated three times and parallel three 
times.

Results and Discussion

Changes in fatty acid composition during heat treatment

As shown in Table 1, hazelnut oil is constituted of five 
fatty acids, which are palmitic acid, palmitoleic acid, 
stearic acid, oleic acid, and linoleic acid. Among them, 
palmitic acid and stearic acid are saturated fatty acids. 
Palmitoleic acid, oleic acid, and linoleic acid are unsat-
urated fatty acids. During the thermal processing, the 
oleic acid content was always upward, while the linoleic 
acid content showed a downward trend. When heated for 
5 min, the content of oleic acid increased from 81.08% to 
81.88%, and the content of linoleic acid decreased from 
7.42% to 7.23%. When heated for 10 min, the content of 
oleic acid increased to 81.92%, and the content of linoleic 
acid decreased to 7.10%, increasing oleic acid content, 
which is similar to the research before (Nana et al., 2022). 
However, the palmitic acid, palmitoleic acid, and stearic 
acid contents did not change significantly. 

The reason for the decrease in linoleic acid content may 
be that the polyunsaturated structure of linoleic acid was 
oxidized, and some of it was converted into monounsat-
urated fatty acid, which existed in the oil system with the 
same structure of oleic acid. The reason for the almost no 
change in the content of other types of fatty acids may 
be that their properties are more stable, and they are not 
easy to decompose or transform under the heating con-
ditions used in this paper.

This part of the data is based on one of our previous stud-
ies (Liu et al., 2022). This section is divided into subhead-
ings, which provide a concise and precise description of 
the experimental results, their interpretation, as well as 
the experimental conclusions that can be drawn.

Changes in glyceride core aldehyde content 
In previous studies, people mainly studied the small mol-
ecules with volatile aldehydes produced in the process of 
thermal oxidation of edible oils. Non-volatile aldehydes 
are often ignored and directly absorbed by the human 
body, causing harm to the body. GCAs are one of the 
common non-volatile aldehydes in edible oil.

As shown in Figure 1A,B, two kinds of GCAs were 
detected during heat treatment of hazelnut oil, they are 
9-oxo and 10-oxo-8. Hazelnut oil, which has not been 
superheated, contains about 80% 10-oxo-8 and the rest 
is mostly 9-oxo. The results are consistent with previ-
ous research (Wu et al., 2022). As shown in Figure 1C,  

of a 0.3 M (0.3 mol/L) potassium hydroxide (KOH) eth-
anol solution to the tube and ensure the contents are 
thoroughly mixed. Allow the mixture to stand at room 
temperature for a period of 5 min to facilitate the reac-
tion. After the reaction time has elapsed, introduce 4 mL 
of distilled water and 5 mL of n-hexane into the tube. 
Proceed to vortex the mixture for 2 min to achieve a 
homogeneous extraction. This step aids in the partition-
ing of the components between the aqueous and organic 
phases. Following the vortex mixing, centrifuge the tube 
at a speed of 10,000 revolutions per minute (r/min) for 
2 min. This step will help to separate the layers within the 
mixture more distinctly. Once centrifugation is complete, 
carefully remove and set aside the upper organic layer, 
which contains the extracted compounds. This upper 
layer solution will then be subjected to further purifica-
tion steps to isolate and concentrate the desired compo-
nents for analysis or testing.

About 5 g of anhydrous sodium sulfate was added to 
the chromatography column filled with 30 g neutral alu-
mina, and the column was washed with 10 mL methy-
lene chloride and 10 mL n-hexane successively. All the 
extract was transferred to the column, and the flow rate 
was controlled at about 1.0 mL/min. After all the extract 
passed through the packing layer, 20 mL n-hexane was 
first used to remove impurities. Then, 20 mL methylene 
chloride-ethyl acetate (1:1) was eluted, the eluent was 
collected, concentrated by rotary evaporation at 40°C, 
transferred to 10 mL cone bottom test tube, dried with 
nitrogen gas at 40°C, added 0.1 mL acetone-isooctane 
(1:1) solution vortex to dissolve the residue, and trans-
ferred to the sample bottle for GC-MS determination.

GC-MS
The GC-MS analysis was conducted utilizing an Agilent 
7890-5975 instrument (Agilent Technologies, America 
International Pte. Ltd). Agilent DB-EUPAH quartz capil-
lary column (30m*0.25*0.25) was used. 

GC condition.  The injection port temperature was set 
to 280°C, with He as the carrier gas. The injection vol-
ume was 2 μL without shitter. The initial temperature was 
80°C for 2 min, then increased to 250°C at 10°C/min for 
2  min. After this, it was increased to 315°C at 80°C for 
5 min, and finally increased to 320°C at 20°C/min for 5 
min. The flow rate is maintained at 0.7 mL/min.

MS condition.  The ionization mode is EI, energy 70 eV, 
ion source temperature 230°C, transmission line tem-
perature 280°C, quadrupole temperature 150°C, and ion 
monitoring. 

Data collation and analysis
Excel 2016 was used for data collation, Origin2021 Pro 
was used for graphs, and SPSS 23 was used for one-way 
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Table 1.  Changes in fatty acid composition during heat treatment.

Fatty acid Molecular 
formula

Heating 
time/min

Content/%

20°C 60°C 90°C 120°C 150°C 180°C 210°C

Palmitic 
acid

C16:0 5 4.93±0.11a 5.15±0.18a 5.04±0.12a 5.10±0.06a 5.06±0.29a 4.99±0.11a 5.31±0.06a

10 4.93±0.11a 5.15±0.18a 5.10±0.15a 5.14±0.16a 5.17±0.15a 5.02±0.20a 5.21±0.06a

Palmitoleic 
acid

C16:1 5 0.18±0.06a 0.15±0.10a 0.19±0.08a 0.15±0.08a 0.19±0.06a 0.16±0.06a 0.17±0.08a

10 0.18±0.06a 0.16±0.04a 0.18±0.08a 0.17±0.08a 0.17±0.08a 0.16±0.07a 0.15±0.08a

Stearic 
acid

C18:0 5 1.96±0.10a 1.86±0.08a 1.99±0.09a 1.93±0.08a 1.89±0.11a 1.94±0.07a 1.99±0.06a

10 1.96±0.10a 1.90±0.06a 1.98±0.10a 1.95±0.02a 1.86±0.21a 1.96±0.06a 1.97±0.04a

Oleic acid C18:1 5 81.08±0.06d 81.09±0.09d 81.55±0.06cd 81.61±0.05cd 81.69±0.08c 81.75±0.08b 81.88±0.09a

10 81.08±0.06e 81.13±0.06de 81.63±0.06de 81.70±0.09d 81.82±0.10c 81.86±0.06b 81.92±0.05a

Linoleic 
acid

C18:2 5 7.42±0.02a 7.34±0.01b 7.29±0.02c 7.28±0.02c 7.26±0.02d 7.24±0.03de 7.23±0.02de

10 7.42±0.02a 7.33±0.02b 7.26±0.03c 7.20±0.02d 7.16±0.04e 7.13±0.06f 7.10±0.05f

Data are presented as mean±SD (n=10). Mean values with different superscript letters are statistically different (p≤0.05) among the groups.
a-fValues with different superscripts in the same row are significantly different (p≤0.05).
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Figure 1.  Changes in core aldehyde content. (A) Changes in GCAs during heating for 5 min. (B) Changes in GCAs during heat-
ing for 10 min. (C) Changes in the content of 9-oxo during heat treatment. (D) Changes in the content of 10-oxo-8 during heat 
treatment. 
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the content of oleic acid and the content of GCAs at a 
p-value of 0.01, indicating a strong relationship. This sta-
tistical significance suggests that oleic acid can be identi-
fied as a precursor in the formation of GCAs, which are 
compounds of interest in the study of oil oxidation and 
quality.

PAHs standard curve
The standard curve was developed by plotting the ratio of 
the concentration of each targeted PAH to the concentra-
tion of its respective internal standard (IS) on the x-axis. 
Using these coordinates, a linear regression equation and 
the correlation coefficient were calculated for each PAH 
to establish the standard curve (Table 2).

Out of the 16 PAHs analyzed, all except for IPY and DBA 
demonstrated a strong linear relationship, as evidenced 
by correlation coefficients exceeding the threshold of 
0.999. This high degree of linearity indicates a reliable 
standard curve for the quantification of PAHs. 

PAHs content in crude oil
The content of PAHs in hazelnut oil that has not under-
gone overheating treatment was assessed and the find-
ings are presented in Table 3. The presence of PAHs in 
crude hazelnut oil can be attributed to environmental 
contamination during the growth of the raw material, 
potentially through exposure to polluted wastewater 
and waste gases, which facilitates the transfer of PAHs 
to the oil seeds. The concentrations of certain PAHs with 
fewer aromatic rings, such as NAP, FLU, PHE, ANT, 
FLT, and PYR, were found to exceed 2 micrograms per 
kilogram (μg/kg) in the hazelnut oil sample. Specifically, 
the level of BaP was measured at 0.39 μg/kg, which is 
below the 2  μg/kg threshold stipulated by regulation 
No. 2021/2317. Except for ANA, which was recorded at 
1.24 μg/kg, the levels of other PAHs were below 1 μg/
kg. Among the PAHs detected in the crude hazelnut 
oil, PYR had the highest concentration at 4.09 μg/kg. 

the content of 9-oxo increased significantly with the 
increase in heat treatment temperature, while the content 
of 10-oxo-8 did not change significantly with the increase 
in heat treatment temperature (Figure 1D). This is 
because the formation rate of 10-oxo-8 is low or the con-
version rate is fast in the process of oil thermal oxidation. 
When the heating temperature is higher than 150°C, the 
9-oxo production rate increases significantly, indicating 
that hazelnut oil may not be suitable for hot processing 
above 150°C. Therefore, the main GCAs generated in the 
heat treatment process are 9-oxo, and 10-oxo-8 is likely 
to be generated only at room temperature. 

The thermal oxidation of vegetable oils proceeds through 
a distinct set of reactions when compared to autooxida-
tion and enzymatic oxidation at ambient temperatures. 
Consequently, specific compounds like 9-oxo are pre-
dominantly formed during the thermal oxidation process 
of oils. In contrast, at room temperature, autooxidation, 
photooxidation, and enzymatic oxidation are more likely 
to lead to the formation of 10-oxo-8. As highlighted by 
(Chen and Chiou (1995), the presence of lipoxygenase 
(LOX) can significantly enhance the rate of oil oxidation 
at room temperature. In the current study, cold-pressed 
hazelnut oil was utilized, a method that preserves the 
activity of lipoxygenase throughout the oil production 
process. As such, enzymatic oxidation could also contrib-
ute to the generation of 10-oxo-8.

The hazelnut oil selected for this study contains over 80% 
oleic acid. The correlation analysis conducted revealed 
a significant Pearson correlation coefficient between 

Table 2.  Standard curve of PAHs.

Target object Linear equation r Content  
(μg/kg)

NAP Y = -13906.5+23224.7X 0.9992 2.71±0.04

ANY Y = -19410.1+30507.3X 0.9997 0.63±0.01

ANA Y = -6144.79+8972.94X 0.9999 1.24±0.15

FLU Y = -12196.2+10874.3X 0.9991 2.53±0.23

PHE Y = -13325.8+16876.8X 0.9994 2.28±0.04

ANT Y = -11439.5+15274.8X 0.9993 3.26±0.01

FLT Y = -489.084+18900.7X 0.9999 3.43±0.08

PYR Y = 31570.6+19661.3X 0.9993 4.09±0.02

BaA Y = -13906.5+23224.7X 0.9999 0.10±0.01

CHR Y = -20037.6+21625.5X 0.9999 1.00±0.01

BbF Y = -928.049+54504X 0.9992 1.08±0.01

BkF Y = -15129.5+53493.6X 0.9993 -

BaP Y = -9221.61+51379.7X 0.9990 0.39±0.01

IPY Y = 115482+79047.2X 0.9986 0.32±0.01

DBA Y = -24944.9+64698.2X 0.9988 0.36±0.01

BPE Y = 17055.6+67374.6X 0.9998 0.54±0.04

Table 3.  PAHs content in crude oil.

PAHs Content (μg/kg) PAHs Content (μg/kg)

NAP 2.71±0.04 BaA 0.10±0.01

ANY 0.63±0.01 CHR 1.00±0.01

ANA 1.24±0.15 BbF 1.08±0.01

FLU 2.53±0.23 BkF -

PHE 2.28±0.04 BaP 0.39±0.01

ANT 3.26±0.01 IPY 0.32±0.01

FLT 3.43±0.08 DBA 0.36±0.01

PYR 4.09±0.02 BPE 0.54±0.04

PAH4 2.57 LPAHs 22.35

HPAHs 1.61 PAH16 23.96
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which results in a higher proportion of PAHs with fewer 
rings within the oil (Drabova et al., 2013). During the heat 
treatment of vegetable oils, as depicted in Figure 2, the 
concentration of PAHs with 2–4 benzene rings is nota-
bly higher compared to those with 5–6 rings. This trend 
can be attributed to the fact that PAHs with a greater 
number of rings are more stable and, consequently, more 
challenging to form. As a result, the proportion of PAHs 
with fewer rings is disproportionately larger within the 
oil matrix.

Naphthalene (NAP), the predominant two-ring PAH, 
exhibits significant fluctuations during the heating pro-
cess. This is primarily due to its inherent instability, which 
facilitates both its formation and its subsequent transfor-
mation into other PAHs compounds. As for three-ring 
PAHs, they encompass ANA, ANY, FLU, PHE, and ANT. 
These compounds are not only the most prevalent PAHs 

In contrast, the concentration of BaA was the lowest at 
0.1 μg/kg. Notably, no BkF was detected among the 16 
types of PAHs analyzed. The combined concentration 
of the four priority PAHs (PAH4, which includes BaA, 
CHR, BbF, and BaP) was 2.57 μg/kg, which is significantly 
below the regulatory limit of 10 μg/kg as required by No. 
1881/2006. 

Change of PAHs content during heat treatment

Statistics of  polycyclic aromatic hydrocarbons
Figure 2A illustrates the variation in PAH content 
throughout the entire heat treatment procedure. PAHs 
are categorized into five groups based on the number 
of benzene rings they contain, with each group’s con-
tent variation being individually tallied. The complexity 
of PAH formation increases with the number of rings, 
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Figure 2.  Changes in PAHs content during heat treatment. (A) Change of PAHs content in the whole heat treatment process. 
(B) PAH4 content during heating for 5 min. (C) PAH4 content during heating for 10 min.
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shows a stronger correlation with the content of GCAs. 
This suggests a link between the formation of PAH4 and 
GCAs. Furthermore, the overall formation of PAHs is 
significantly correlated with the levels of GCAs. Among 
the PAHs, 9-oxo, which exhibits pronounced changes 
during the heating process, significantly correlates with 
the formation of several PAHs, including BaP, CHR, BaA, 
PYR, and IPY. Understanding the formation mechanism 
of 9-oxo, which can be inferred from its molecular struc-
ture, may provide valuable insights for guiding future 
research in this area.

Inference of  PAHs generation mechanism during heat 
treatment of  hazelnut oil
As shown in Figure 3B, at low temperatures (≤60°C), 
hydroperoxide is produced by oil under the catalytic oxi-
dation of excessive ions, light and lipoxygenase (LOX). 
The alkoxy free radical fragment generated by the break-
age of -C-C- at the black arrow breaks away from the 
glycerol skeleton (Ceci and Carelli, 2010). In the subse-
quent oxidative cracking, free aliphatic aldehydes with 
different carbon chain lengths (mainly volatile small mol-
ecule aldehydes) are formed. The red arrow indicates that 
the hydroperoxide is decomposed by β-shear to form the 
secondary oxide 10-oxo-8. Under high-temperature heat-
ing conditions (>60°C), LOX is inactivated, and the oil is 
mainly oxidized by heat (Lledias and Hansberg, 2000). 
9-oxo, another secondary oxidation product, is pro-
duced. At the later stage of heating, 9-oxo will undergo 
thermal polymerization through the -C-C- connection to 
produce oxygen-free ring polymerization products BaA 
and CHR. The polymerization of 10-oxo-8 will generate 
pentacyclic aromatic hydrocarbons BaP, and then react 
with substances with double bonds to produce high ring 
number PAHs such as IPY and BPE.

Other types of PAHs are generated by the polymerization 
of free aliphatic aldehydes (Zhangi et al., 2019) produced 
by the oxidative decomposition of alkoxy free radical 
fragments. Hexal and 2-octen-1-al are the volatile small 
molecules generated during the oxidation of hazelnut oil, 
and they can undergo further polymerization reactions. 
This part mainly generates PAHs with low ring numbers, 
such as ANY, ANA, PHE, PYR, etc. These PAHs with low 
ring numbers will further polymerize with NAP to gener-
ate PAHs with high ring numbers.

Conclusions

Oleic acid constitutes over 80% of the total fatty acids 
in hazelnut oil. Correlation analysis has revealed a sig-
nificant Pearson correlation coefficient between the 
content of oleic acid and that of GCAs at a p-value of 
0.01, indicating a strong relationship. Therefore, oleic 
acid can be identified as a precursor to the formation 

in hazelnut oil but also have a high propensity to undergo 
chemical reactions that result in the formation of PAHs 
with a greater number of rings (Farhadian et al., 2010). 
Four-ring PAHs consist of FLT, PYR, BaA, and CHR. The 
overall content variation of these PAHs during the heat 
treatment process is not pronounced. This could be due 
to the absence of precursor substances and the necessary 
conditions for their formation in hazelnut oil, or it might 
be because they are more likely to be converted into 
other compounds. About five-ring PAHs, which include 
BbF, BkF, BaP, and DBA, these compounds are relatively 
stable and less prone to transformation. However, under 
specific conditions, they can undergo further polym-
erization. Lastly, the six-ring PAHs are primarily repre-
sented by IPY and BPE. These types of PAHs are highly 
stable and, once formed, are not easily transformed or 
decomposed. As a result, there is a slight increase in the 
content of six-ring PAHs.

Change of  PAH4 content
The European Food Safety Authority (EFSA) has iden-
tified PAH4 as a benchmark index for assessing PAHs 
in the food industry. The PAH4 index encompasses 
four specific PAHs: BaA, CHR, BbF, and BaP. The vari-
ations in the levels of these compounds are depicted in 
Figure 2B,C. According to EFSA guidelines, the permis-
sible maximum concentration of PAH4 in edible oils is 
set at 10 µg/kg, while for BaP, it is even more stringent 
at 2 µg/kg. The experimental findings indicate that the 
combined concentrations of PAH4 and BaP detected 
did not surpass the safety thresholds established by the 
EFSA. There is also a part of BaP in lampblack (Ledesma 
et al., 2015), so the actual amount of BaP produced 
should exceed the measured value. Prolonged exposure 
to high temperatures during the oil treatment process 
poses certain health risks. It is observed, except BbF, the 
levels of the other PAH4 constituents continue to rise. In 
contrast, BbF exhibits a slight decline at a temperature of 
60°C, which could be attributed to its tendency to vola-
tilize and subsequently be carried away with the exhaust 
gases post-heating (Mengke et al., 2021). Initially, CHR 
is present in lower concentrations than BbF. However, 
following the heat treatment process, the levels of CHR 
surpass those of BbF. This observation suggests that CHR 
is more thermally reactive than BbF, with a more rapid 
rate of formation upon exposure to heat.

Correlation analysis
A Pearson correlation analysis was performed to examine 
the relationship between the levels of unsaturated fatty 
acids, glycidyl esters of fatty acids (GCAs), and polycyclic 
aromatic hydrocarbons (PAHs). The findings are visu-
ally represented in a heat map (Figure 3A). The analysis 
revealed that oleic acid has a significant correlation with 
the formation of both GCAs and various PAHs. Notably, 
the PAH4 group, which includes BaA, CHR, BbF, and BaP, 
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datasets analyzed or generated during the study. A state-
ment is still required when no new data are created or 
where data are unavailable due to privacy or ethical 
restrictions. 
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of GCAs. Fifteen distinct types of PAHs were detected 
in hazelnut oil. The analysis of PAHs change under var-
ious heat treatment conditions has led to the conclusion 
that GCAs play a vital role in the formation of a subset 
of PAHs through thermal polymerization. This includes 
BaP, which is recognized as one of the most carcinogenic 
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used for frying at temperatures exceeding 150°C due to 
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tifying the pathways leading to PAH production in oils, 
this study provides valuable guidance on the risk factors 
associated with oil oxidation, aiding in the development 
of strategies to mitigate these risks.
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