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Abstract Acrolein, which is an irritating and off-flavor

compound formed during heating of vegetable oils, was

estimated by the gas–liquid chromatography (GLC). Sev-

eral vegetable oils such as high-oleic sunflower, perilla,

rapeseed, rice bran, and soybean oils were heated at 180 �C

for 480 min and then the concentration of acrolein in the

head space gas was determined by GLC. The formation of

acrolein was greatest in perilla oil among the tested oils,

while it was much lower in rice bran oil and high-oleic

sunflower oil. There was a good correlation between the

level of acrolein and linolenate (18:3n-3) in the vegetable

oils. To investigate the formation of acrolein from linole-

nate, methyl oleate, methyl linoleate, and methyl linolenate

were also heated at 180 �C, and the amounts of acrolein

formed from them were determined by GLC. The level of

acrolein was the greatest in methyl linolenate. Acrolein

was also formed from methyl linoleate, but not from

methyl oleate. Acrolein in vegetable oils may be formed

from polyunsaturated fatty acids, especially linolenic acid

but not from glycerol backbone in triacylglycerols.

Keywords Acrolein � Linoleate � Linolenate � Thermal

oxidation � Vegetable oil

Introduction

Vegetable oils such as olive, rapeseed, and soybean, are

often used for heat cooking as well as for mayonnaise and

salad dressing. Heat cooking such as deep- and pan-frying

with vegetable oils contributes both desirable and unde-

sirable flavors to foods. The formation of desirable flavors

is necessary for the fried foods to acquire their unique

sensory characteristics. However, extensive heating causes

oxidative degradation of vegetable oils, which will not only

reduce the sensory quality of fried foods but may also

diminish their nutritional value. Moreover, some volatile

compounds such as acrolein produced during prolonged

frying, may have a harmful influence on the health of

cooks, because the LD50 (oral) and odor threshold of

acrolein are 82 mg/kg and 3.6 ppb, respectively.

The thermal oxidation of unsaturated fatty acids mainly

contributes to thermal degradation of vegetable oils among

constituent fatty acids. At high temperature, hydroperox-

ides, the primary oxidation products, do not accumulate in

the frying oil because of their instability, although the

formation of hydroperoxides from unsaturated fatty acids is

accelerated. Hydroperoxides are spontaneously decom-

posed to form volatile compounds as well as polymers.

These volatile compounds contribute to desirable and

undesirable flavors. Volatile compounds produced by

thermal oxidation include aldehydes, ketones, alcohols,

acids, esters, and hydrocarbons. Gas chromatographic

analyses of fats and oils after frying revealed that 2,4-

hepatadienal derived from linolenate and hexanal derived

from linoleate may cause undesirable rancidity among

some volatile compounds [1].

Acrolein (2-propenal), one of unsaturated aldehydes,

may give undesirable and irritated odors, besides toxicity

[2, 3]. It is well known that acrolein vapor may cause eye,
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nasal, and respiratory tract irritations. There are several

reviews of the toxicity of acrolein. Acrolein may induce

epithelial cell injury and inhibition of macrophage [4, 5]. It

can also cause membrane damage and mitochondrial dys-

function, and myelin disruption in the nervous system [6].

Moreover, acrolein and other a, b-unsaturated aldehydes

endogenously formed during lipid peroxidation may have

mutagenicity, because they may induce DNA and protein

damages by forming DNA and cellular compound adducts

[7–9].

It is well known that acrolein may be formed during

frying with fats and oils. Fritsch [10] provided a diagram

that summarized the route through which triglycerides

degrade. Acrolein may be formed by the dehydration of the

glycerol remaining after three fatty acids residues have

hydrolyzed from the triglyceride molecule. However, there

have been few reports on the quantitative analysis of acro-

lein during frying of vegetable oils. Ota et al. [11] measured

volatile compounds including acrolein from soybean oil

during heating at high temperature. Hirayama et al. [12]

observed the formation of acrolein by autoxidation of

unsaturated fatty acid methyl esters using a fluorescent

method. Miyake and Shibamoto [13] observed the formation

of acrolein from unsaturated lipids oxidized with Fenton’s

reagent. However, they did not always directly determine

the acrolein, and the quantitative data were inadequate.

Moreover, the mechanism for the formation of acrolein from

vegetable oils and unsaturated fatty acids during oxidation

was not discussed. In this paper, we have tried to quantify

acrolein formed during heating of vegetable oils at high

temperature, and discuss the mechanism for the formation of

acrolein in vegetable oils.

Materials and Methods

Vegetable Oils

RBD rapeseed (The Nisshin OilliO Group, Japan), soybean

(Riken Nosan Kako, Japan), perilla oils (Ohta Oil Mill,

Japan) and high-oleic sunflower oils (Showa Sangyo,

Japan) were purchased in a market. RBD rice bran oil was

prepared by our company. Methyl oleate, methyl linoleate,

and methyl linolenate (purity[99 %) were purchased from

Sigma Aldrich Japan. Tridecanoylglycerol and acrolein

(purity[99 %) were purchased from Sigma Aldrich Japan.

Methyl Linoleneate Monohydroperoxides

Methyl linolenate was auto-oxidized at 40 �C for 2 days,

and the methyl linolenate monohydroperoxides were iso-

lated with a silicic acid column chromatograph using a

mixture of n-hexane and diethyl ether as eluents.

Heating Test of Vegetable Oils

Two grams of vegetable oils were put in a 20-mL glass vial and

heated in an aluminum block bath at 180 �C for 0–480 min.

Heating tests were also performed at 150 and 220 �C. Methyl

esters of unsaturated fatty acids (0.5 g) or tridecanoylglycerol

(0.5 g) supplemented with different amounts of methyl linol-

enate monohydroperoxides were put in a 20-mL glass vial, and

were then heated at 180 �C for 20 min.

Collection of Acrolein

After heating, vegetable oils, methyl esters of unsaturated

fatty acids, or tridecanoylglycerol supplemented with

methyl linolenate monohydroperoxides in a 20-mL glass

vial were sealed with a metal cap. The vial was heated at

55 �C for 10 min, and then 1.0 mL of head space gas was

injected into the gas chromatograph.

Gas Chromatographic Analysis

A HERACLES II gas chromatograph (Alpha MOS, Japan)

equipped with a FID detector was used. For the columns,

18 m 9 0.18 mm i.d. DB-5 or WAX fused silica capillary

columns were used. The injector temperature was 220 �C

and the detector temperature was 250 �C. The column was

held at 40 �C and then programmed to 250 �C at 3 �C/s

after the injection of head space gas. Hydrogen gas was

used as a carrier gas. When using the WAX capillary

column, acrolein eluted at 21 s.

Quantification of Acrolein

Different amounts of acrolein were added to tridecanoyl-

glycerol and heated at 55 �C under the same conditions as

the vegetable oils to make a calibration curve. Amounts of

acrolein in vegetable oils after heating was determined

from the calibration curve. Experiments were performed in

triplicate. All data described the average, because the rel-

ative standard deviation was below 10 %.

Results and Discussion

Figure 1 shows the gas chromatogram of the head space

gas obtained from rapeseed and rice bran oils after heating

at 180 �C for 120 min, when the WAX capillary column

was used. The peak of acrolein was eluted at Rt. 21 s, and

it was absolutely separated from those of propanal (Rt.

18 s) and other volatile compounds. They were also con-

firmed by GC–MS. Acrolein and propanal were detected as

major volatile compounds on a gas chromatogram of
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rapeseed and rice bran oils whereas octane and ethanol

were also detected at Rt. 15 and 26 s, respectively.

Figure 2 shows a calibration curve of acrolein. The

concentration of acrolein correlated linearly with the peak

area at the range between 10 and 3,000 ppb. The correla-

tion coefficient (R2) was 0.999. These results indicate this

method is effective for quantification of acrolein in vege-

table oils.

Figures 3, 4, 5, and 6 show the amounts of acrolein

formed during heating of vegetable oils at 150, 180, and

220 �C. The amounts of acrolein increased with heating

time in regardless of variety of vegetable oils at 150 �C

(Fig. 3). Perilla oil showed the greatest level of acrolein

during heating among tested oils. Acrolein level in perilla

oil reached at 1,870 ppb after heating for 480 min. On the

other hand, acrolein levels in rapeseed and soybean oil

were 1,130 and 830 ppb, respectively. In particular, the

levels of acrolein in rice bran and high-oleic sunflower oils

were 300 and 210 ppb, respectively.

When vegetable oils were heated at 180 �C, all vege-

table oils produced more acrolein than heating at 150 �C

(Fig. 4). Among tested oils, perilla oil showed the greatest

Fig. 1 Gas chromatogram of head space gases obtained from rice bran and rapeseed oils heated at 180 �C for 120 min
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Fig. 2 A correlation curve of acrolein
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Fig. 3 The formation of acrolein from vegetable oils during heating

at 150 �C
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Fig. 4 The formation of acrolein from vegetable oils during heating

at 180 �C
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level of acrolein (3,440 ppb) after heating for 240 min, and

then the level of acrolein in perilla oil decreased. Acrolein

in rapeseed and soybean oils reached at the maximum

(1,960 and 1,760 ppb, respectively) after heating for

240 min, and then the level of acrolein decreased. On the

other hand, the levels of acrolein in rice bran and high-oleic

sunflower were lower than other vegetable oils (700 and

340 ppb at maximum, respectively), although the level of

acrolein at 180 �C was greater than heating at 150 �C.

When vegetable oils were heated at 220 �C, all vege-

table oils had greater level of acrolein than heating at 150

and 180 �C (Fig. 5). Perilla oil showed the greatest level of

acrolein (4,160 ppb) among tested oils after heating for

30 min, and then the level of acrolein decreased rapidly.

The acrolein in rapeseed oil reached at the maximum

(2,630 ppb) after heating for 90 min, while that in soybean

seed oil reached at the maximum (2,230 ppb) after heating

for 45 min. The acrolein in rice bran and high-oleic sun-

flower oils reached at the maximum (960 and 400 ppb,

respectively) after heating for 90 min, although the level

was lower than those in perilla, rapeseed, and soybean oils.

These results showed that the level of acrolein formed in

vegetable oils depended on types of vegetable oils, and

they did not agree with Fritsch’s hypothesis. Our results

suggested that acrolein did not derive from a glycerol

backbone in triacylglycerol. Moreover, the level of acrolein

formed in vegetable oils had a limit, although the level of

acrolein in vegetable oils increased with heating tempera-

ture. Probably, acrolein might decompose into malondial-

dehyde and other compounds during heating. Rapid

decrease of acrolein at higher temperature may be due to

the poor thermal stability or the decrease of linolenate as a

source of acrolein.

Anyway, these observations suggest that cooking with

vegetable oils at high temperature is undesirable for cooks

because it may induce the formation of acrolein.

Table 1 shows the fatty acid composition of vegetable

oils tested. The level of a-linolenic acid (18:3n-3) was the

greatest in perilla oil (58 %), while those in rice bran and

high-oleic sunflower oils were very low (below 1 %). The

level of acrolein produced from vegetable oils during

heating seemed to be correlated with the level of 18:3n-3 in

them. Thus, the relationship between the level of acrolein

and 18:3n-3 in vegetable oils was investigated. Figure 6

shows the relationship between the highest value of acro-

lein and the concentration of 18:3n-3 in vegetable oils. As

shown in Fig. 6, good correlation coefficients (150 �C,

R2 = 0.859; 180 �C, R2 = 0.916; 220 �C, R2 = 0.939)

were observed. These results suggested that acrolein might

be formed from 18:3n-3 but not glycerol backbone during

heating of vegetable oils at high temperature.

To confirm the contribution of 18:3n-3 to the formation

of acrolein, we determined the level of acrolein in methyl

esters of unsaturated fatty acid such as linolenic (18:3n-3),

linoleic (18:2n-6), and oleic (18:1n-9) acids after heating.

Table 2 shows the level of acrolein in methyl linolenate,

methyl linoleate, and methyl oleate at 180 �C for 20 min.

The level of acrolein was the greatest in methyl linolenate
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Table 1 Fatty acid composition (%) of vegetable oils

Vegetable oil 16:0 18:0 18:1 18:2 18:3

Rice bran 16.5 1.9 44.9 34.7 1.0

Rapeseed 4.1 1.9 65.2 19.5 7.7

Soybean 11.6 3.5 23.2 54.9 6.6

Perilla 6.7 1.7 19.6 14.1 57.8

Sunflower (high-oleic) 3.9 3.1 86.2 5.9 \0.1

Table 2 Formation of acrolein from unsaturated fatty acid methyl

esters

Acrolein

ppb Ratio

Methyl oleate 30 1

Methyl linoleate 820 27

Methyl linolenate 2,790 93
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(2,790 ppb), followed by methyl linoleate (820 ppb), and

methyl oleate (30 ppb). The relative ratios of acrolein

formed from methyl linolenate, methyl linoleate, and

methyl oleate were 93:27:1. The formation of acrolein

from polyunsaturated fatty acid methyl esters was very

faster than those of hydroperoxides during autoxidation of

them [14]. This result demonstrates that acrolein could be

selectively formed from polyunsaturated fatty acids such as

a-linolenic (18:3n-3) and linoleic (18:2n-6) acids. Espe-

cially, it was suggested that 18:3n-3 containing in vegeta-

ble oil could contribute mainly to the formation of acrolein

during heating at high temperature.

We assumed the mechanism of formation of acrolein

from 18:3n-3 at high temperature, as shown in Fig. 7. It is

well known that polyunsaturated fatty acids readily pro-

duce hydroperoxides during oxidation. They also produce

cyclic hydroperoxides and dihydroperoxides as secondary

oxidation products via monohydroperoxides [14]. In par-

ticular, 18:3n-3 produces more secondary oxidation prod-

ucts than 18:2n-6 due to its more double bonds. We

conjectured that dihydroperoxides and hydroperoxy end-

operoxides could be formed in thermal oxidation of 18:3n-

3, although their presence could not be confirmed because

of their instability at high temperature. Probably, acrolein

might be formed by the cleavage of dihydroperoxides and

hydroperoxy epidioxides via monohydroperoxides from

18:3n-3 (Fig. 7), while it might also derive from hydro-

peroxy epidioxides from 18:2n-6. Unfortunately, acrolein

has not been found in thermal degradation of dihydroper-

oxides and hydroperoxy epidioxides of unsaturated fatty

acids. However, acrolein seemed to be formed from sec-

ondary oxidation products via monohydroperoxides of

polyunsaturated fatty acids, because 18:1n-9 which hardly

gave secondary oxidation products did not almost produce

acrolein. Indeed, the formation ratio of acrolein from

polyunsaturated fatty acids was markedly greater than the

predicted formation ratio of their hydroperoxides, as shown

in Table 2. In a previous paper, we observed that acrolein

was not almost formed in vegetable oils during heating at

180 �C in the absence of oxygen [15]. These results indi-

cated that the thermal oxidation of polyunsaturated fatty

acids could produce acrolein.

Therefore, we added isolated methyl linoleneate mono-

hydroperoxides into tridecanoylglycerol, and determined the

level of acrolein after heating at 180 �C for 20 min, as a model

experiment. As shown in Table 3, acrolein increased with

addition of methyl linolenate monohydroperoxides. The yield

of acrolein from methyl linolenate monohydroperoxides was

17 ppm, and it was much higher than that from methyl lin-

olenate (2.8 ppm). This data demonstrated that acrolein could

be formed from linolenate via monohydroperoxides and it

assisted the conjectured mechanism for formation of acrolein

during heating of vegetable oils, as showed in Fig. 7.

In this study, we observed that the level of acrolein

formed during heating of vegetable oils at high temperature

correlated with the concentration of 18:3n-3 in them. In a

model experiment using unsaturated fatty acid methyl esters,

18:2n-6 could also form acrolein during heating as well as

18:3n-3. Vegetable oils contain considerable amounts of

natural antioxidants such as tocopherols and tocotrienol, so

that 18:3n-3 which is more susceptible to oxidation than

18:2n-6 could be a major target of thermal oxidation.

Many researchers have believed that acrolein may be

derived from a glycerol backbone in triacylglycerol during

frying with vegetable oils. However, our results demon-

strated that acrolein was mainly derived from 18:3n-3 but

not a glycerol backbone, because methyl linolenate formed

considerable amounts of acrolein during heating at high

temperature, and the amounts of acrolein in vegetable oil

depended on the concentration of 18:3n-3 in them.

In the next study, we are trying to develop the method to

inhibit the formation of acrolein from 18:3n-3 during

heating of vegetable oils, in order to also clarify the
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Fig. 7 The conjectured mechanism for formation of acrolein from

linolenic acid. I a-linolenic acid (18:3n-3), II 16-monohydroperoxide,

III 13-monohydroperoxide, IV hydroperoxy epidioxide,

V dihydroperoxides

Table 3 Formation of acrolein from tridecanoylglycerol supple-

mented with methyl linolenate monohydroperoxides

Methyl linolenate monohydroperoxides (%) Acrolein (ppb)

0 0

0.75 130

1.29 200

1.76 290
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detailed mechanism for the formation of acrolein during

cooking with vegetable oils.
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