
ABSTRACT: Hydrocarbons produced by γ-radiation of
peanuts were analyzed to determine the relationship between
irradiation and production of hydrocarbons, and the use of hy-
drocarbons as markers for identifying postirradiated peanuts.
Hydrocarbons in peanuts were determined by a sequential pro-
cedure of lipid extraction by hexane, Florisil column chro-
matography, and gas chromatography. Hydrocarbons C17:1,
C16:2, C17:2, and C16:3 were easily detected in peanuts irradi-
ated at 0.5 kGy or higher, but not in unirradiated ones. The hy-
drocarbons were minimally changed by roasting the irradiated
peanuts and were not detected in unirradiated roasted peanuts.
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Aspergillus flavus producing aflatoxins grows readily on
peanuts (1); irradiation is one of the most effective methods
to prevent mold growth. At least 10 kGy is needed to control
the mold (2). South Africa permits peanuts to be irradiated up
to 10 kGy for microbial control (3). Other countries have not
specified irradiation permission on peanuts. European coun-
tries imported more than 670,000 metric tons of peanuts in
1996, and the United States and Canada imported 140,000
metric tons (4). Although irradiated foods must be properly
labeled, there is the possibility of irradiating them without any
notice of treatment on the shipment. It is therefore necessary
to develop an appropriate method to detect irradiation of im-
ported peanuts in order to apply domestic regulations con-
cerning food irradiation.

It has been suggested that irradiated lipids and lipid-con-
taining foods could be determined by analysis of hydrocar-
bons (5–9). Since peanuts contain large amounts of lipids, hy-
drocarbons can be detected in irradiated peanuts. Two types
of hydrocarbons are predominantly produced by irradiation
of fatty acids: a hydrocarbon which has one carbon less than
the parent fatty acid (Cn-1) and a hydrocarbon that has two
carbons less and an additional double bond at position 1 (Cn-2,
1-ene) (6). Meats have been most commonly studied for the

presence of hydrocarbons, although plant foods have been
studied recently (5,9). A variety of methods to detect radia-
tion-induced hydrocarbons have been developed, including
separation of the lipid fraction from foods, separation of the
hydrocarbons from the lipids, and gas chromatographic
analysis of the hydrocarbons based on food type and lipid
composition. The separation of hydrocarbons from lipids is
considered to be one of the most critical steps in detecting hy-
drocarbons. Hydrocarbons have been separated from lipids
by cold finger distillation (10), column chromatography
(6,7,9), and high-performance liquid chromatography (8,11).
Schreiber’s group compared high-vacuum cold finger distil-
lation with Florisil column chromatography and concluded
that the latter seemed to be more practical for routine applica-
tion to meats (6,7).

The objectives of the present study were to detect the hy-
drocarbons exclusively produced by γ-radiation of peanuts by
a sequential procedure of lipid extraction by hexane, Florisil
column chromatography, and gas chromatography (GC), and
to determine how irradiation affects production of hydrocar-
bons in peanuts. Hydrocarbons produced will then be used as
markers for γ-radiation.

MATERIALS AND METHODS

Materials and reagents. Dried peanuts were purchased from
a market in Kochang, Korea. Sodium sulfate was analytical
grade (Pure Chemicals Co., Ltd., Osaka, Japan). n-Hexane
and isooctane were from Fisher Scientific (Fairlawn, NJ). The
hydrocarbon standards n-octane (C8:0), n-nonane (C9:0), n-de-
cane (C10:0), n-dodecane (C12:0), n-tridecane (C13:0), n-
tetradecane (C14:0), n-pentadecane (C15:0), n-hexadecane
(C16:0), n-heptadecane (C17:0), n-octadecane (C18:0), n-no-
nadecane (C19:0), n-eicosane (C20:0), n-heneicosane (C21:0),
n-docosane (C22:0), 1-hexadecene (C16:1), and 1-tetradecene
(C14:1) were purchased from Sigma Chemical Co. (St. Louis,
MO). 8-Heptadecene (C17:1) and 1,7-hexadecadiene (C16:2)
were obtained from the German Federal Institute for Health
Protection of Consumers and Veterinary Medicine (Berlin,
Germany). Linoleic acid was purchased from Nu-Chek-Prep,
Inc. (Elysian, MN). Since 6,9-heptadecadiene (C17:2) and
1,7,10-hexadecatriene (C16:3) standards were not commer-
cially obtainable, linoleic acid was irradiated at 10 kGy, and
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the two largest GC peaks were identified as the two hydrocar-
bons by GC–mass spectroscopy (MS).

Irradiation. Five hundred grams of peanuts were irradi-
ated at 0.5, 1, 3, or 6 kGy using a 60Co radiation source at the
Korea Atomic Energy Research Institute (Daejon, Korea).
Linoleic acid was irradiated at 10 kGy. 

Roasting. Thirty grams of unirradiated and irradiated
peanuts were roasted for 8 min on an electric frying pan (tem-
perature setting: 400; Sunbeam Appliance Co., Oak Brook,
IL). All samples were kept at −80°C before oil extraction.

Oil extraction. Oil extraction, separation of hydrocarbons,
and GC analysis followed the previously reported methods
(6,9) with minor modification. Peanuts (10 g) were ground in
a mixer (FM680T; Hanil Electronic, Seoul, Korea) with 10 g
of anhydrous sodium sulfate (previously heated to 650°C for
5 h). After that, 150 mL n-hexane was added and the mixture
was homogenized thoroughly with a homogenizer
(M133/1280-0; Biospec Products, Inc., Bartlesville, OK). The
mixture was transferred to Teflon centrifuge tubes (Nalge Co.,
Rochester, NY) and centrifuged at 3400 rpm for 20 min using
a Union 55R (Hanil Co.) centrifuge. The supernatant was col-
lected in a round-bottomed flask. The solvent was evaporated
using an Eyela rotary vacuum evaporator (N-N; Tokyo
Rikakikai Co., Ltd., Japan) at 34°C, connected to an Eyela as-
pirator (A-3S; Tokyo Rikakikai Co., Ltd.). The extracted oil
was flushed with nitrogen and stored at 4°C until separated
by Florisil column chromatography.

Separation of hydrocarbons by Florisil column chro-
matography. Florisil (60–100 mesh, F100-3; Fisher Scien-
tific) was heated at 550°C overnight. Just prior to packing the
column, it was heated again to 130°C for 5 h and cooled down
to room temperature. It was then deactivated by the addition
of 3% water. The glass column (2.3 cm i.d.) with a Teflon
stopcock was rinsed with hexane and filled with 20 g Florisil.
Oil sample (1 g) mixed with 1 mL of hexane containing 8
g/mL n-eicosane as an internal standard was applied to the
column, followed by 60 mL hexane, and the mixture was
eluted at 3 mL/min. Isooctane (0.5 mL) was added to the elu-
ate, and the eluate was concentrated to a volume of about 4
mL under a nitrogen stream. The concentrated sample was fil-
tered through a Nylon membrane (13 mm diameter, 0.2 µm
pore; Whatman International Ltd., Maidstone, England) con-
tained in a 13 mm syringe holder (Nucleopore Corp., Pleasan-
ton, CA), which was connected to a 10 mL Luer-lock syringe
(Popper & Sons, Inc., New Hyde Park, NY). The filtrate was
concentrated to 0.5 mL under nitrogen and transferred into a
GC vial. Hydrocarbons from linoleic acid, unirradiated or ir-
radiated, were separated in the same way.

GC analysis of hydrocarbons. The isolated hydrocarbons
were analyzed on a Younglin gas chromatograph 600 D
(Younglin Instruments, Seoul, Korea) equipped with a flame-
ionization detector (FID) and a split/splitless injector. Helium
was used as the carrier gas. The column was a 0.25 mm i.d. ×
30 m column with 0.25 µm film thickness {DB-5 [(5%-
phenyl)-methylpolysiloxane]; J&W Scientific, Folsom, CA}.
The initial column temperature was held at 50°C for 2 min,

then programmed at 10°C/min to 130°C and 5°C/min to
200°C where it was held for 2 min, then 25°C/min to 250°C
with a final hold of 5 min. The injector and detector tempera-
tures were 200 and 250°C, respectively. The injector was set
in splitless mode for 2 min and then in split mode. Sample
(1 µL) was injected. Initially unidentified peaks were identi-
fied by GC–MS. All experiments were in duplicate unless
otherwise stated.

Heated peanut oil. Peanut oil (1 g) extracted as above was
placed in a test tube and heated in an oven (Model H080; Han
Won Testing Co., Korea) at 150°C. The test tube with the oil
was taken out every 5 min and cooled at room temperature.
Hydrocarbons were separated and analyzed as described
above.

RESULTS AND DISCUSSION

Hydrocarbons produced by irradiation. The irradiated
peanuts, even at 6 kGy, were hardly distinguishable from the
unirradiated ones by appearance or flavor. The peanut sam-
ples in the study contained 48.9% fat and 6.8% moisture and,
after roasting, fat and moisture contents were 49.8 and 2.0%,
respectively; therefore, less sample was needed than for
meats or fruits. Therefore, less sodium sulfate was used to re-
move moisture.

No unsaturated hydrocarbons were detected in the oil ex-
tracted from the unirradiated peanuts (Fig. 1), but saturated
hydrocarbons C14:0, C15:0, and C16:0 were detected (Table 1).
However, it cannot be concluded that these are naturally pres-
ent in peanuts, because the hexane used in the experiment
might contain a minute amount of longer hydrocarbons and
these may have been concentrated to detection levels during
the solvent evaporation processes. C14:1, one of the hydrocar-
bons possibly produced from palmitic acid, was not detected
in unirradiated peanuts, but was detected in the peanuts irra-
diated at 0.5 kGy or higher. Hydrocarbons C17:0 and C16:1,
possibly from stearic acid, were not detected in unirradiated
peanuts but were detected in those irradiated at 0.5 kGy or
higher, although in small amounts. The prominent radiation-
induced unsaturated hydrocarbons C17:1, C16:2, C17:2, and
C16:3 were detected at fairly high levels in the peanuts irradi-
ated at 0.5 kGy or higher. Among them C16:2 was the most
abundant. Since oleic and linoleic acids constitute about 50
and 26% of the total fatty acids in peanut oils, respectively
(12), this result could be expected.

Roasted peanuts. It was determined whether the prominent
radiation-induced hydrocarbons in the irradiated peanuts were
retained after roasting and whether the hydrocarbons were de-
tected in edible roasted unirradiated peanuts. Roasting the irra-
diated peanuts had little effect on the detected amounts of the
prominent radiation-induced hydrocarbons (Table 2). When the
unirradiated peanuts were roasted, the irradiation-inducible hy-
drocarbons were not detected. The roasted peanuts purchased
in the marketplace did not contain any marker hydrocarbons.
Therefore, peanuts, once irradiated, could be detected by ana-
lyzing hydrocarbons even after roasting.
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Heated peanut oil. Peanut oil was heated at 150°C in the
present study to determine whether hydrocarbons C17:1 and
C17:2, which were reported by Lesgards et al. (5) to be de-
tected at a fairly high level in unirradiated peanut oil, are pro-
duced in the oil by heating. Hydrocarbons C17:1 and C17:2
were first detected at 0.053 and 0.046 µg/g oil, respectively,
in the peanut oil heated for 30 min, when checked every 5 min
(Fig. 2). They increased with heating time. Other radiation-
inducible hydrocarbons were also detected in oil heated for

longer times, although in smaller amounts compared to C17:1
and C17:2 (C17:1, 0.56, C17:2, 0.53; and C16:2, 0.04 µg/g oil
heated for 6 h; C17:1, 6.9, C17:2, 4.3, C16:1, 0.18; and C16:2,
0.34 µg/g oil for 24 h). C16:3 was not detected even in the oil
heated for 24 h.

Lesgards et al. (5) reported that hydrocarbons C17:1 and
C17:2 were detected at 0.4 and 0.2 µg/g oil, respectively, in an
unirradiated peanut oil. These two hydrocarbons were found
at 15.4 and 7.55 µg/g oil, respectively, in peanut oil heated at
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FIG. 1. Gas chromatograms of the hydrocarbons in irradiated peanuts. (A) Unirradiated; (B) irradiated at 1 kGy; and
(C) irradiated at 6 kGy. (1) 14:1; (2) 14:0; (3) 15:0; (4) 16:3; (5) 16:2; (6) 16:1; (7) 16:0; (8) 17:3(?); (9) 17:2; (10)
17:1; (11) 17:0; and (12) 20:0 (internal standard). Column: DB-5 [(5%-phenyl)-methylpolysiloxane]; 0.25 mm i.d. 30
m, 0.25 m. Oven: 50°C for 2 min; 50–130°C at 10°C/min; 130–200°C at 5°C/min; 200°C for 2 min; 200–250°C at
25°C/min, and 250°C for 5 min. Injector: splitless, 200°C. Detection: flame-ionization detector, 250°C.

TABLE 1
Hydrocarbons in Irradiated Peanuts (µg/g oil)a

Dose (kGy)

Hydrocarbon 0 0.5 1 3 6

14:1 N.D.b 0.15 (0.06) 0.15 (0.10) 0.72 (0.31) 1.72 (0.77)
14:0 0.37 (0.05) 0.40 (0.19) 0.19 (0.09) 0.33 (0.11) 0.79 (0.02)
15:0 0.04 (0.05) 0.17 (0.05) 0.11 (0.07) 0.45 (0.07) 1.08 (0.53)
16:3 N.D. 0.31 (0.08) 0.41 (0.17) 1.82 (0.22) 4.05 (1.86)
16:2 N.D. 0.41 (0.12) 0.47 (0.09) 2.31 (0.67) 6.38 (1.03)
16:1 N.D. 0.07 (0.02) 0.05 (0.04) 0.25 (0.08) 0.38 (0.36)
16:0 0.05 (0.07) 0.17 (0.07) 0.06 (0.04) 0.12 (0.05) 0.39 (0.36)
17:2 N.D. 0.18 (0.09) 0.27 (0.06) 1.43 (0.18) 3.38 (1.11)
17:1 N.D. 0.13 (0.04) 0.21 (0.10) 1.24 (0.32) 3.78 (0.15)
17:0 N.D. 0.11 (0.07) 0.05 (0.07) 0.25 (0.11) 0.28 (0.10)
aMean (standard deviation) of duplicate.
bN.D., not detected.



180°C with oxygen, while 10.5 and 5.09 µg/g oil, respectively,
were found in the oil irradiated at 10 kGy. These hydrocarbons
were even detected at 2.79 and 1.31 µg/g oil, respectively, in
the oil heated without oxygen. The researchers also noted that
long-chain unsaturated fatty acids decreased significantly after
heating, while the fatty acid composition of the oils did not
change significantly after irradiation. It should be noted that
they did not separate the hydrocarbons from cold oil; instead,
they employed a desorption oven where oil was heated at
150°C to evaporate volatiles including hydrocarbons, fol-
lowed by cold-trap concentration before GC injection. The
small amounts of hydrocarbons C17:1 and C17:2 detected in the
unirradiated peanut oil in their report might have been induced

during the heating of the oil in the desorption oven. Since all
the procedures to separate hydrocarbons from peanuts in the
present study were performed below 40°C, any hydrocarbons
possibly induced by heating could be excluded.

If peanuts were irradiated, it would be mostly for the pur-
pose of microbial control, for which at least 10 kGy would be
applied. The hydrocarbons C17:1, C16:2, C17:2, and C16:3 were
not detected in unirradiated peanuts, while they were detected
at fairly high levels in the peanuts irradiated at 10 kGy. Even
in peanuts irradiated at 1 kGy, as usually applied for disinfes-
tation, these hydrocarbons were detected. Thus, the detection
of hydrocarbons by the manner shown in this study would
permit detection of irradiated peanuts. Therefore, it can be
concluded that the methodology applied in this study can
clearly differentiate irradiated from unirradiated peanuts by
detecting the four prominent hydrocarbons. However, the
dose vs. quantity of marker response was not always indica-
tive of the irradiation dose, probably because of the variations
in the serial procedure which requires delicate handling.
Thus, this methodology could be limited for detecting of irra-
diation dose levels.
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FIG. 2. Gas chromatograms of the hydrocarbons in heated peanut oil. (A) Untreated; (B) heated for 30 min at 150°C;
and (C) heated for 6 h at 150°C. See Figure 1 for further information.

TABLE 2
Hydrocarbons in Roasted Peanuts (µg/g oil)a

Roasted in the lab Roasted—purchased
Hydrocarbon Unirradiated Irradiated at 6 kGy from market

14:1 N.D.b 1.71 (0.02) N.D.
14:0 0.41 (0.06) 1.74 (0.19) 1.01 (0.06)
15:0 0.14 (0.06) 1.84 (0.73) 0.30 (0.07)
16:3 N.D. 4.61 (0.03) N.D.
16:2 N.D. 5.46 (0.10) N.D.
16:1 N.D. 0.49 (0.00) N.D.
16:0 N.D. 0.43 (0.21) 0.16 (0.05)
17:2 N.D. 4.11 (0.06) N.D.
17:1 N.D. 3.77 (0.09) N.D.
17:0 N.D. 0.58 (0.01) 0.07 (0.06)
aMean (standard deviation) of duplicate.
bN.D., not detected.
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