
ABSTRACT: The possible breakdown of chlorophyll by irradi-
ation was investigated. Chlorophyll b standard (3 ppm) was
added to a methanol solution containing 1% linoleic acid. Irra-
diation up to 20 kGy was performed with or without N2-bub-
bling, and nonirradiated control was also prepared. Residual
chlorophyll b content was analyzed by HPLC and UV-visible
spectra after irradiation, and color was measured during 6 h of
light exposure (3,300 lux, light intensity) to induce photooxida-
tion. The added chlorophyll b was destroyed by irradiation at
20 kGy with or without N2-bubbling. With N2-bubbling the oil
sample did not develop lipid oxidation during irradiation, and
irradiated samples did not develop photooxidation during stor-
age under light. Without N2-bubbling, irradiated oil samples
had higher PV than nonirradiated samples. The Hunter color
a-value of oil increased and the b-value decreased with irradia-
tion at 20 kGy. UV-visible spectra also supported the break-
down of chlorophyll b in solution by irradiation. Irradiation at
2.5 kGy or above destroyed all added chlorophyll b. The results
indicate that irradiation technology could be applied to reduce
or eliminate the residual chlorophyll in oil processing without
developing lipid oxidation during the irradiation process, which
would prolong the shelf life of oil products by protecting them
from photooxidation during display.
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The presence of green pigments of chlorophyll in soybean oil
is of interest not only for its impact on the color of the fin-
ished product but also for its potential role in oxidative stabil-
ity (1). Except for virgin olive oil, where a greenish color is
tolerated, an excessive amount of chlorophyll (>20 µg/g) is
considered undesirable and is difficult to remove by conven-
tional bleaching processes (2). Chlorophyll pigments not only
impart an undesirable color to vegetable oils and promote ox-
idation in the presence of light (3–6) but also impair hydro-
genation (7). 

The major chlorophyll pigments (about 90%) in oils are a-
type (pheophytin a and pyropheophytin a). Although the ratio

of chlorophyll a/b is about 3:1 in canola seeds, the b-type pig-
ments are not as susceptible to extraction from seeds with a
nonpolar solvent such as n-hexane (2). Chlorophyll decom-
position involves the release of chlorophyll from its protein
complex followed by dephytolization and possibly pheophy-
tinization (8). Simpson et al. (8) reported that oxidation of the
ring structure by chlorine occurs, and ultimately colorless end
products form. However, the exact mechanism of chlorophyll
breakdown is still poorly understood. Wagenknecht and Lee
(9) also reported that a loss of chlorophyll in frozen peas was
associated with lipoxygenase activity and fat peroxidation.

Food irradiation is a useful technique for controlling path-
ogenic microorganisms such as Escherichia coli O157:H7
and Salmonella (10). Besides the sanitation of food, irradia-
tion can be applied to reduce allergens (11) or nitrosamines
(12) in food, to enhance the color of meat products without
nitrite (13), and to reduce the salt content of traditional fer-
mented foods (14). However, the use of irradiation is limited
by foods containing high fat because irradiation may increase
lipid oxidation by producing reactive free radicals or ions
from absorbed energy (15). This may reduce the application
trial of irradiation to oil, making approaches for chlorophyll
removal by irradiation very limited. The objective of the pres-
ent study was to investigate the possibility of chlorophyll re-
moval by gamma irradiation to inhibit photooxidation during
storage without accelerating lipid oxidation during the irradi-
ation process.

EXPERIMENTAL PROCEDURES

Chemicals. Chlorophyll b and linoleic acid were purchased
from Sigma Chemical Co. (St. Louis, MO). HPLC-grade
methanol was purchased from Acros Organics (Morris Plains,
NJ). Linoleic acid (1%) was dissolved in methanol. Chloro-
phyll b was dissolved in methanol (6 ppm) under dark condi-
tions, then diluted to 3 ppm.

Irradiation. The prepared solution was transferred into
three different bottles (1 L). One bottle was introduced to ir-
radiation at 20 kGy. The next bottle was irradiated with N2
(99.999% ultrapure)-bubbling during the process. Nitrogen
tubing was inserted into the bottom of the bottle and nitrogen
pressure was regulated outside the irradiation chamber by
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extending the gas tube outside. Irradiation was performed in a
Co-60 gamma irradiator (point source, AECL, IR-79; Nordion
International Co., Ltd., Ontario, Canada) with a source strength
of 100 kCi. The dose rate was 83.3 Gy/min at 12 ± 0.5°C, and
the applied absorbed doses were 0 to 20 kGy. Dosimetry was
performed using 5-mm-diameter alanine dosimeters (Bruker
Instruments, Rheinstetten, Germany), and the free radical sig-
nal was measured using a Bruker EMS 104 EPR analyzer. The
actual dose was within ±2% of the target dose. The last bottle
was a nonirradiated control and was placed outside of the irra-
diation chamber.

Light storage. The prepared samples (40 mL) in duplicate
were transferred into serum bottles. The bottles were sealed
with rubber septa and aluminum caps and were stored in a
light storage box as described by Jung et al. (16). Half of the
samples were covered by aluminum foil to avoid light during
storage. The light intensity at the sample level was 3,300 lux.
The temperature in the light storage box was 25°C. The sam-
ple bottles were taken out at 0, 1, 2, 4, and 6 h and analyzed.

PV and UV-visible spectrum. PV was measured by the
AOAC method 28.025 (17). Irradiated and photooxidized sam-
ples were dissolved in chloroform/acetic acid (2:3, vol/vol) so-
lution, and saturated potassium iodide (0.5 mL) dissolved in
deionized distilled water (DDW) was added. The mixture was
vortexed for 1 min and stored under dark conditions for 5 min.
Then DDW (75 mL) and 1% starch indicator solution (2.5 mL)
were added to the mixture. The sample was titrated with
Na2S2O3 (0.005 N), adding it gradually and with constant agi-
tation. Titration was continued until the yellow iodine color dis-
appeared. The PV was calculated by [(A − B) × N × 1000]/S,
where A = amount of Na2S2O3 (mL) for titration of the sam-
ple, B = amount of Na2S2O3 (mL) for titration of the control, N
= concentration of Na2S2O3, and S = sample weight (g).

The UV-visible spectrum was obtained using a spectropho-
tometer (UV-1601PC; Shimadsu, Co., Tokyo, Japan) in the
range of 200 to 800 nm. 

Color measurement. The sample (10 mL) was transferred to
a glass cell (CM A-98, 10 mm in width), placed on a cell holder,
and measured using a Color Difference Meter (spectropho-
tometer CM-3500d; Minolta Co. Ltd., Osaka, Japan) with an
illuminant D65/10° observer. A large-size aperture was used
and the measurement was triplicated. The Hunter color L-, a-,
and b- values were obtained using Spectra Magic software
(version 2.11; Minolta Cyberchrom Inc., Osaka, Japan).

Chlorophyll b and linoleic acid content. Chlorophyll b was
determined using HPLC with a mobile phase of ethylac-
etate/methanol/DDW at a ratio of 60:30:10, by vol (18). Sol-
vents were filtered through a 0.45-µm Nylon 6 filter and de-
gassed by sonicator for 1 h before use. The HPLC system was
composed of a Waters model 2690 separation module (Wa-
ters Co., Milford, MA) and a Shiseido reversed-phase (C18;
Shiseido, Tokyo, Japan) column, and chlorophyll b was mon-
itored at 658 and 436 nm. The chromatograms were inte-
grated and recorded on Millenium32 software (Waters Co.).
Absorbance spectra were obtained using a photodiode array
detector (Waters model 996). An authentic chlorophyll b stan-

dard was used to develop the standard curve for chlorophyll b
content.

Linoleic acid was separated by the extraction method of
Folch et al. (19), and the methyl ester was separated on an Agi-
lent gas chromatograph (model 6890, Agilent Technologies,
Inc., Palo Alto, CA) equipped with an FID. A split inlet (split
ratio, 20:1) was used to inject samples into a capillary column
(DB Wax, 60 m × 250 µm × 0.25 µm nominal; J&W Scientific
Inc., Folsom, CA), and a ramped oven temperature was used
(180°C for 5 min, increased to 220°C at 2.5°C/min, held for 20
min). Injection was achieved by an Agilent model 7683 injec-
tor (Agilent Technologies, Inc.). Inlet and detector tempera-
tures were 210°C. Nitrogen was the carrier gas at a constant
flow rate of 1.1 mL/min. Detector air, N2, and makeup gas (N2)
flows were 300, 30, and 28 mL/min, respectively. The chro-
matogram obtained was integrated using GC Chemstation soft-
ware (Rev. A.08.03; Agilent Technologies, Inc.).

Statistical analysis. All experiments were duplicated and
ANOVA was performed using SAS software (20). The Stu-
dent-Newman-Keuls multiple-range test was used to find dif-
ferences among mean values, and significance was defined at
P < 0.05. Mean values and pooled SEM were reported. 

RESULTS AND DISCUSSION

Chlorophyll b content and UV-visible spectrum. The chloro-
phyll b content of nonirradiated and unfoiled samples was
2.91 ppm immediately after irradiation and decreased during
light storage to about half after 6 h of storage (Table 1). All
the chlorophyll b was destroyed in the samples irradiated at
20 kGy with and without N2 gas-bubbling. The foil-covered
sample, which was treated to avoid photooxidation during
storage, showed no difference during 6 h of photooxidation
in the nonirradiated control and maintained chlorophyll b at
the original level in the solution. Endo et al. (21) reported that
amounts of chlorophyll pigments (including chlorophyll a
and b, pheophytin a and b, pheophorbide a, methylpheophor-
bide a, and pyropheophytin a) in canola seed, meal, and crude
oil were 19.9, 3.3, and 50.7 ppm, respectively. The b-type pig-
ments cannot be extracted from seeds with a nonpolar solvent
such as n-hexane, although the proportion of the b-type pig-
ments found in meals is similar to that in oils. Owing to their
higher polarity, b-type pigments are also more easily ex-
tracted in comparison with a-type (21).

The absorbance spectra of the sample irradiated with or
without N2-bubbling differed significantly (P < 0.05) from
the nonirradiated control (Fig. 1). In the spectra, the nonirra-
diated sample had two main peaks at 658 and 436 nm, but no
peak was detected in irradiated samples. Ramirez-Niño et al.
(22) reported that differential measurement of opacity [opac-
ity is equal to (transmittance)−1 and is dimensionless] using
two light sources [blue light-emitting diode (LED) with 450
nm emission and infrared LED with an emission at 910 nm]
for optical absorption measurement showed significantly dif-
ferent signals with different irradiation doses and proposed
its use as a dosimeter.
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Linoleic acid content in the sample was also investigated
by GC, but no difference was found among the treatments
(data not shown). When medium- to low-range irradiation
doses were used, the degree of unsaturation generally re-
mained unchanged during and after irradiation (15).

PV. PV of the unfoiled sample without irradiation increased
slowly during storage because of photooxidation (Table 2). The
PV of 20 kGy-irradiated samples were dramatically increased
by irradiation and stayed high during photooxidation storage.
This finding indicates that although the irradiation process in-
creased lipid oxidation, chlorophyll breakdown in the 20 kGy-
irradiated sample did not catalyze  photooxidation when the
sample was exposed to light. The irradiated sample treated with
N2-bubbling showed no increase in PV even when stored in
light, suggesting that N2-bubbling could completely stop or in-
hibit lipid oxidation during the irradiation process. During stor-
age under light, photooxidation was also inhibited by remov-
ing the photosensitizer, chlorophyll b.

The PV of the foil-covered sample did not change at all in
the nonirradiated control (Table 2), indicating that photooxi-
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TABLE 1
Chlorophyll Content (ppm) of 20 kGy-Irradiated and Photooxidized Linoleic Acid Solution (1% in methanol)
Containing Chlorophyll b (3 ppm) by HPLC

Photooxidation time (h)a

Irradiation 0 1 2 4 6 SEMb

Unfoiled 0 kGy 2.91ac 2.99a 2.34a 1.81b 1.51b 0.144
20 kGy ND ND ND ND ND —
20/N2

d ND ND ND ND ND —
Foilede 0 kGy 2.88 3.05 3.02 2.85 2.73 0.108

20 kGy ND ND ND ND ND —
20/N2

d ND ND ND ND ND —
aLight intensity was 3,300 lux at 25°C. ND, not detected.
bSEM, pooled standard errors of the mean (n = 10).
cDifferent letters (a, b) within a row differ significantly at P < 0.05.
dSample was bubbled with ultrapure N2 gas during irradiation.
eBottles were covered by aluminum foil to avoid photooxidation.

FIG. 1. Typical UV-visible spectra of linoleic acid solution (1% in
methanol) containing chlorophyll b (3 ppm) treated with 20 kGy-irradi-
ation with and without N2 or left untreated (0 kGy).

TABLE 2
PV of Photooxidized Linoleic Acid Solution (1% in methanol) Containing Chlorophyll b (3 ppm)
by Gamma Irradiation

Photooxidation time (h)a

Irradiation 0 1 2 4 6 SEMb

Unfoiled 0 kGy 0c,yc,d 24.0 c,y 27.5c,y 49.7b,y 79.0a,y 4.86
20 kGy 1243.7x 1251.6x 1286.3x 1253.4x 1268.8x 11.44
20/N2

e 0y 0y 0z 0z 0z —
SEMf 7.81 12.90 3.82 3.38 3.03

Foiledg 0 kGy 0y 0y 0y 0y 0y —
20 kGy 1251.7x 1275.4x 1262.1x 1251.8x 1266.5x 17.40
20/N2

e 0y 0y 0y 0y 0y —
SEMf 10.41 6.19 3.88 11.10 14.82

aLight intensity was 3,300 lux at 25°C. 
bSEM, pooled standard errors of the mean (n = 20).
cDifferent letters (a–c) within a row differ significantly at P < 0.05.
dDifferent letters (x–z) within foiled and unfoiled columns differ significantly at P < 0.05.
eSample was bubbled with ultrapure N2 gas during 20 kGy-irradiation.
fSEM: n = 12.
gBottles were covered by aluminum foil to avoid photooxidation.



dation is the main reason for the increase in PV in the nonir-
radiated, unfoiled sample. The PV value of the 20 kGy-irra-
diated sample with N2-bubbling stayed at 0 during the full
storage period regardless of the foil effect. This indicates a
breakdown of all chlorophyll by irradiation, resulting in com-
plete protection of oil from photooxidation. The sample with
20 kGy irradiation without N2-bubbling had significantly
(P < 0.05) higher PV from the beginning. The results confirm
that oxygen exposure during irradiation can increase lipid ox-
idation dramatically. Ahn et al. (23) reported that exposure to
oxygen was a more important factor than irradiation in the de-
velopment of lipid oxidation in raw meat, a high-fat food,
during storage.

Color change. The Hunter color L-value of the photooxi-
dized linoleic acid solution with chlorophyll b (3 ppm) was
increased by irradiation regardless of foil treatment (Table 3).

The L-value of the foil-covered sample increased slightly
after 4 h of photooxidation in the nonirradiated samples but
decreased in the 20 kGy-irradiated sample. The L-value of
the unfoiled sample also increased significantly (P < 0.05)
owing to the  irradiation treatment.

The Hunter color a-value in the nonirradiated, unfoiled
sample increased during storage for 6 h (Table 4). The in-
crease in the a-value and decrease in chlorophyll content of
the foiled and nonirradiated sample during storage were
highly correlated (r 2 = 0.94). This indicated that the chloro-
phyll content of the solution affected greenness, resulting in
an increase in the a-value. Irradiation at 20 kGy or 20 kGy
with N2-bubbling increased the a-value significantly (P <
0.05). However, the a-value of the foil-covered sample with
nonirradiated control did not change during storage (Table 4),
indicating that photooxidation in the foiled sample did not de-

148 M.-W. BYUN ET AL.

JAOCS, Vol. 79, no. 2 (2002)

TABLE 3
Hunter Color L-Valuea of Photooxidized Linoleic Acid Solution (1% in methanol) Containing Chlorophyll b
(3 ppm) by Gamma Irradiation

Photooxidation time (h)b

Irradiation 0 1 2 4 6 SEMc

Unfoiled 0 kGy 101.94b,c,yd,e 101.92c,y 101.95a,b,y 101.98a,y 101.97a,b,y 0.010
20 kGy 102.35a,x 102.32b,x 102.32b,x 102.32b,x 102.32b,x 1.007
20/N2

f 102.33x 102.30x 102.31x 102.31x 102.29x 0.013
SEMg 0.090 0.010 0.008 0.012 0.011

Foiledh 0 kGy 101.90y 101.89y 101.92y 101.91y 101.88y 0.015
20 kGy 102.32x 102.32x 102.32y 102.32y 102.32x 0.012
20/N2

f 102.26x 102.30x 103.98x 103.93x 102.30x 0.464
SEMg 0.021 0.009 0.421 0.426 0.013

aHigher L-value indicates increased lightness. 
bLight intensity was 3,300 lux at 25°C.
cSEM, pooled standard errors of the mean (n = 10).
dDifferent letters (a–c) within a row differ significantly at P < 0.05.
eDifferent letters (x–z) within foiled and unfoiled columns differ significantly at P < 0.05.
fSample was bubbled with ultrapure N2 gas during 20 kGy-irradiation.
gSEM: n = 6.
hBottles were covered by aluminum foil to avoid photooxidation.

TABLE 4
Hunter Color a-Valuea of Photooxidized Linoleic Acid Solution (1% in methanol)
Containing Chlorophyll b (3 ppm) by Gamma Irradiation

Photooxidation time (h)b

Irradiation 0 1 2 4 6 SEMc

Unfoiled 0 kGy −2.11e,yd,e −1.91d,z −1.71c,y −1.36b,y −1.01a,y 0.009
20 kGy 0.01a,b,x −0.02b,y 0.02a,x 0.01a,b,x 0.00a,b,x 0.007
20/N2

f 0.02x 0.02x 0.03x 0.03x 0.02x 0.007
SEMg 0.005 0.007 0.006 0.011 0.008

Foiledh 0 kGy −2.10b,z −2.10b,y −2.08a,b,z −2.09a,b,z −2.06a,y 0.006
20 kGy 0.00y 0.00x 0.01y 0.00y 0.00x 0.006
20/N2

f 0.02x 0.02x 0.09x 0.09x 0.01x 0.023
SEMg 0.007 0.007 0.027 0.019 0.005

aa-Value indicates redness: +a* is the red direction and –a* is the green direction.
bLight intensity was 3,300 lux at 25°C.
cSEM, pooled standard errors of the mean (n = 10).
dDifferent letters (a–e) within a row differ significantly at P < 0.05.
eDifferent letters (x–z) within foiled and unfoiled columns differ significantly at P < 0.05.
fSample was bubbled with ultrapure N2 during 20 kGy-irradiation.
gSEM: n = 6.
hBottles were covered by aluminum foil to avoid photooxidation.



velop because it was not exposed to light. The sample with
20 kGy irradiation had a higher a-value than the nonirradi-
ated control.

The Hunter color b-value of the unfoiled, nonirradiated
sample decreased with storage under photooxidation condi-
tions (Table 5). Irradiation at 20 kGy, regardless of N2-bub-
bling, showed significantly (P < 0.05) lower b-values in the
unfoiled sample. The b-value of the foil-covered sample re-
mained constant (Table 5). 

The dose required for complete breakdown of added
chlorophyll b (3 ppm) was 2.5 kGy or above in the methanol
model system (Fig. 2). However, in real oil processing the ir-
radiation dose requirement for complete chlorophyll removal
will be higher. At a given irradiation dose, a substance dis-
solved in water or other polar liquids such as alcohols is dam-
aged more than the pure, dry substances because of the high

reactivity of intermediate radical species (24). When the irra-
diation dose is increased to achieve successful chlorophyll re-
moval during oil processing, the development of lipid oxida-
tion is a concern. However, the results in Table 2 indicate that
irradiation even at 20 kGy does not result in lipid oxidation
when the irradiation is carried out in the presence of N2 gas.
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