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Abstract The peroxide value (PV) of several vegetable

oils oxidized at 70 �C was measured spectrophotometri-

cally using a new chemiluminescence (CL) method. The

reaction in CL was based on lipid hydroperoxides

decomposition with HO- ions in two different medium.

The first reaction was carried out in a DMF/KOH/oil

mixture, while in the second reaction acridine was used in

addition. A linear correlation between PVs determined

spectrophotometrically and measured with the CL method

was found.
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Introduction

Chemiluminescence (CL) is an electromagnetic wave

emission phenomenon usually occurring in the visible or

near infrared range, caused by a chemical reaction. When

the reaction takes place in living organisms and results in

the emission of light, the process is known as biolumi-

nescence (BL). [1]. To induce this kind of photon emission

the following conditions have to be met [2]:

1. Electronic excitated state of a condensed medium (gas,

liquid, solid state, biological cell) molecules,

2. radiance relaxation state of those molecules (photon

emission E = h 9 m).

Production of the electronic excitated state product (P*)

is a result of chemical excitation. The product in the

excited state (P*) is formed in the reaction of substrate A

(usually it is a precursor of the CL reaction) with a sub-

strate B (usually an oxidizer). Sometimes some reaction

cofactors (C) are required for the reaction to proceed [1].

The reaction can be briefly written as follows:

Aþ Bþ C! P� ! Pþ h� m ð1Þ

Direct CL takes place when a considerable part of the

reaction enthalpy (DH) is transformed into the reaction

products (P*) electronic excited energy, and subsequently

leads to photon emission (h 9 m). The essence of the

process is the phase of excitation DH ! P�; but the

following conditions have to be fulfilled: Ehm\DH þ
DH#; where DH# is the standard enthalpy of activation [2].

Sometimes P* does not undergo direct light deactivation

but the energy excess is transferred to some other mole-

cule, e.g., to a fluorophore, F. If an energy acceptor mol-

ecule F is characterized by a significantly high quantum

efficiency of fluorescence then a sensibilizated CL process

may appear.

Extremely low light emissions in the range of 10-1–

104 h 9 m s-1 cm-1, a wide spectral range of 200–

1,100 nm, and the high dynamics of the changes in

chemical reactions intensity requires very fast and sensitive

light detection systems and sophisticated detection tech-

niques. Photomultiplier tubes (PMTs) and charged-coupled

devices (CCD) are the most often used as light detectors.

These kinds of detectors coupled to a suitable high-tech

electronics give a very sensitive tool able to detect and

analyze even ultra low photon emissions. The high
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sensitivity of this techniques can be achieved with single

proton counting (SPC) methods. Older methods, which are

practically not in use anymore, were based on direct cur-

rent measurement, which was proportional to light inten-

sity, or were based on photographical techniques (the CL

diagram was visible on film) [1].

Chemiluminescence is used practically to determine the

stability of lipids and the dynamics of the lipids oxidation

precess. As a consequence of unsaturated lipids double-

bonds oxidation, peroxide radicals are generated (LOO*).

Reactions between peroxide radicals leads to the formation

of products in the electronic excitation state (L = O*),

which are able to emit light [3–5]. The reaction is as

follows:

LOO� þ LOO� ! LOH þ L ¼ O� þ 3O2 þ h� m ð2Þ

The intensity of the light emitted during the oxidation

process under given experimental conditions illustrates

lipid oxidation kinetics and could also be used as a measure

of the amounts of hydroperoxides generated in the reaction

medium [3].

Chemiluminescence is also used to investigate the pre-

sents of lipid hydroperoxides formed during the lipid oxi-

dation process [6–11]. The CL reaction gives us an

opportunity to detect very low concentrations of lipid

hydroperoxides (range of tens of pmol in 100 ll sample

volume) [6]. The common method used for detection of

lipid hydroperoxides is catalyzed by both enzymatic or

non-enzymatic protein where the catalyst reacts with lipid

hydro peroxide.

Reorganization of peroxides leads to peroxidation of

luminol and/or isoluminol with simultaneous light emis-

sion [6–10].

Other CL reactions, used for detection of lipid hydro-

peroxides, are based on the oxidation reaction of several

other molecules with lipid peroxides, i.e., TCPO, lucige-

nine. The advantage of CL with the use of TCPO in

comparison to the luminol/isoluminol based method, when

used for detection of lipid hydroperoxides and determina-

tion of its concentration is the possibility of carrying out

the reaction in a non-aqueous medium. The CL with TCPO

requires the use of Mn2? ions as catalysts and additional

fluorescence molecules to work as secondary photon

emitters [11]. Reaction of lucigenine oxidation with per-

oxides also leads to the emission of light quanta, and this

could also be used to detect the presence of lipid peroxides

in the reaction medium. The main advantages of this

method is the possibility of conducting the reaction in

a non-aqueous medium without the use of a catalyst.

[12, 13].

One of the most interesting methods used for the

detection of hydroperoxides is based on their reaction with

sodium hypochlorite (NaOCl) [7]. The reaction of lipid

hydroperoxides with sodium hypochlorite leads to the

formation of oxygen singlet molecules in an electronic

excitation state, with the subsequent light emission occur-

ring after the electron relaxation process. This method

could be used as a very fast, cheap and easy procedure for

determining lipid hydroperoxides formed during lipid

oxidation [7, 14, 15].

The aim of this study was to develop an inexpensive and

easy CL reaction that could be used for the determination

of lipid hydroperoxides in a non-aqueous medium

and without the necessity of using expensive protein

catalysts.

Experimental

Apparatus

A static chemiluminometer built by the first-named author

was used for the CL measurement. The chemiluminometer

(Fig. 1) was equipped with a piston pump (2). The chem-

iluminometer was also equipped with a mechanical agitator

(5) and a thermostat (8). The sample solution to be ana-

lyzed was injected with a syringe (3) into the Reodyne

valve sample loop (4). The solvent from the reservoir (1)

was used to pump the analyte to a test tube (7) of a

chemiluminometer (6). Photons emitted from the test tube

were counted by a PMT located in the second section of the

chemiluminometer (11). Both sections were connected to a

Teflon optical port (9). The PMT was cooled to -20 �C

with a thermoelectric cell (10). The PMT was supplied

with a high-stability power supply operated at 1,000 V.

The analytical signal from the PMT was changed to

numeric values (12, 13, 14) and sent to a computer system.

The PMT used in this experiment was especially designed

for counting photons in the range of 180–700 nm.

Materials

Low-linolenic cold-pressed linseed oil (CPLO), refined

rapeseed oil (RRO) and refined palm olein (RPO) were

obtained in a local food market. Hexane, chloroform,

methanol, 36% hydrochloric acid, acetone, N,N0-dimethyl-

formamide, potassium hydroxide were supplied by POCH

(Gliwice, Poland). Acridine, FeCl2, ammonium thiocyanate

(NH4SCN) was obtained from Sigma–Aldrich (Bellefonte,

PA, USA).

Oil Oxidation and Dilution

The vegetable oil samples were submitted to accelerated

oxidation at a temperature of 70 �C. This oxidation was

performed in triplicate. Oil subsamples (200 mg) sampled

362 J Am Oil Chem Soc (2010) 87:361–367

123



after oxidation were diluted to final volume of 5 ml with a

hexane/acetone (1:1 v/v) solution.

Peroxide Value Determination (PV)

A modified method proposed by Shanta et al. (1994) [16]

was used for the determination of PV. Briefly, 200 ll of

oil solution was mixed with 5 ml of methanol:chloro-

form:HCl = 1:1:0.012 solution (v/v). Subsequently 100 ll

of ammonium thiocyanate aqueous solution and 100 ll of

0.4% solution of FeCl2 were added. The reaction was

conducted at room temperature. After 5 min absorbance at

a wave length of 480 nm was measured. Spectrophotom-

eter readings were set to zero using a sample containing all

reagents except of oil (blank sample). The lipid hydro-

peroxides concentration was expressed as PV [17].

Chemiluminescence Reaction in DMF/KOH/Oil

To a test tube, 2 ml of KOH in DMF saturated solution (3 g

KOH in 200 ml of DMF) was added and mixed with 200 ll

of the oil solution to be analyzed. Changes in the chemi-

luminescence intensity (CI) were recorded for 3 min.

Chemiluminescence Reaction

in DMF/KOH/Acridine/Oil

To the test tube 2 ml of KOH in DMF saturated solution

(3 g KOH in 200 ml of DMF) and 50 ll of acridine

solution (50 mg of acridine in 5 ml of hexane/acetone

mixture 1:1, v/v) were added. Then 200 ll of the oil

solution to be analyzed was added. Changes in CI were

recorded for 3 min.

Mathematics and Statistical Analysis

Peroxide values and CL were measured in triplicates. Mean

PV and its standard deviation were used to prepare charts.

The peroxide value was calculated using following

equation:

PV ¼ 12:5� ABS

0:1058
½mgO2 � 100g�1� ð3Þ

where ABS is an absorbance reading from the spectro-

photometer.

Figure 2 shows a typical CL diagram of CI of an

example of a vegetable oil in a DMF/KOH/oil mixture. The

CI was calculated as an area under the curve showing CL

recorded against time.

Z180

13

m � dt ð4Þ

where m, frequency [Hz]; t, time [s].

A paired sample-comparison test was used to compare

results of experiments (a = 0.05). Regression analysis was

used to compare the CL with results obtained by spectro-

photometric analysis (a = 0.05).

Fig. 1 Schematic diagram of

chemiluminometer used in this

work (description in the text)
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Results and Discussion

Changes in PV during vegetable oils oxidation at a tem-

perature of 70 �C are shown in Fig. 3. Increases in the PV

was observed for all types of oils. In the case of RRO and

RPO there was no statistical difference observed in the PV.

As a consequence, it might be stated that the dynamics of

the oxidation reaction for both oils was similar. A statis-

tically significant difference was determined in the changes

of PV during oxidation of CPLO and RRO/RPO. However,

these oils were less liable to oxidation in comparison to

RRO or RPO.

The CL diagrams for accelerated vegetable oil oxidation

in a DMF/KOH/oil reaction medium are shown on Fig. 4.

It is evident that non-oxidized oils also show CL, the

highest values were observed for RPO (CI = 552 9

103 Hz s), RRO (CI = 327 9 103 Hz s) and the lowest for

CPLO (CI = 59 9 103 Hz s). A statistically significant

increase in CL was observed during the oxidation process

of vegetable oils. The most intensive changes in CL were

observed in the case of RPO, secondly in RRO and the

lowest less intensive changes were observed in the case of

CPLO.

Figure 5 shows a correlation between CL in a DMF/

KOH/oil reaction medium and the PV measured spectro-

photometrically. Linear correlation between CL and PV

was found for all the investigated oils. The best correlation

was found in the case of CPLO (r = 0.9822), next for RPO

(r = 0.9346) and the lowest one in the case of RRO

(r = 09057).

The time changes of CL during oil oxidation were also

determined in the DMF/KOH/oil reaction medium but with

the addition of acridine (fluorescence molecule). The

results obtained are presented in Fig. 6. The CL of non-

oxidized oils was detectable as in previous experiments.

The highest CI was observed for RPO (CI = 573 9

103 Hz s), next RRO (CI = 427 9 103 Hz s) and the

smallest for CPLO (CI = 122 9 103 Hz s). Statistically
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Fig. 2 Typical example of CL intensity versus time diagram of an oil

sample
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Fig. 3 The peroxide value of various vegetable oils at 70 �C for

various times
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Fig. 4 Chemiluminescence of various vegetable oils held at 70 �C

for various times in a DMF/KOH/oil reaction
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Fig. 5 Linear regression of chemiluminescence in DMF/KOH/oil

reaction versus the peroxide value
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significant differences were found between the CI of the oil

samples studied.

Data showing the correlation between PVs and CLs

determined in DMF/KOH/acridine/oil reaction medium are

presented in Fig. 7. Correlation coefficients for all three oil

samples analyzed were high and exceeded a value of 0.96.

With this reaction medium, the correlation between CL and

PV is much stronger in comparison to a reaction medium

containing no fluorescence molecule.

Discussion

Low-linolenic CPLO has low oxidation stability [18–20] in

comparison to RPO and RRO [21]. Refined palm olein

showed the highest oxidative stability as a consequence of

its low-unsaturated fatty acid composition, i.e., C16:0

(palmitic acid) ca 38%, C18:1 (oleic acid) ca 42% and

C18:2 (linoleic acid) ca 11% [21]. Refined rapeseed oil has

a less advantageous composition because it contains C16:0

ca 5%, C18:1 ca 58% and C18:2 ca 19% [21, 22]. Low

linolenic cold pressed linseed oil contains a large amount

of C18:2 ca. 74%, which has an extreme influence on its

oxidative stability [18–20]. Results presented in this work

(Fig. 3) show that CPLO has the smallest PV, hence the

highest oxidative stability. Lipid hydroperoxides are rela-

tively stable products of oxidation [23, 24]. The stability of

lipid hydroperoxides depends on the fatty acids profile and

the temperature of the oxidation reaction. It is well known

that herring oil and other fish oils with a high proportion of

polyunsaturated fatty acids (PUFA) have a low oxidative

stability. However, during their oxidation the PV tends to

decrease. It results from the faster decomposition of lipid

hydroperoxides in secondary reactions than the speed if

their formation. Because CPLO is composed of linoleic

acid, peroxides originating from that acid mostly show a

higher reactivity than those formed during the oxidation of

oleic acid which has the highest contribution in the com-

position of RRO and RPO. This is probably the main

reason for the smaller PV in the case of CPLO in com-

parison to RRO and RPO.

Papadopoulos et al. (2002) [25] studied the CL of var-

ious vegetable oils in a strongly solvating ion alkaline

medium. Dimethyl sulfoxide (DMSO) was used as the

solvating agent. The authors found that the CL depends on

the kind of oil used for the oxidation experiments. The

strongest CL signal was observed for corn oil, soy oil and

sunflower oil while the weakest signal was recorded for

virgin olive oil. Moreover, it was suggested that the CL

signal was influenced by the presence of fluorescent mol-

ecules and some other antioxidants from the reaction

medium.

An ions solvating medium in the presence of H2O2

(DMSO/NaOH/H2O2) is used in the EPR spectroscopy to

generate non-Fenton reaction reactive oxygen species

(ROS) [26–29]. The reaction can be presented as follows:

H2O2 þ HO� ! HO�2 þ H2O

H2O2 þ HO�2 ! O��2 þ �OHþ H2O
�OH þ H2O2 ! �O2Hþ H2O

DMSOþ �OH! �CH3 þ CH3SO(OH)
�CH3 þ H2O2 ! CH4 þ �O2H

ð5Þ

Based on the data presented in this work (Figs. 4 and 5)

and the literature as well, it might be stated that the CL in

DMF/KOH/oil medium is a result of the presence of lipid

hydroperoxides and fluorescence molecules. The use of

DMF instead of DMSO is characterized by similar physico-

chemical properties [30, 31], although it has a lower

solvating ability. It was assumed that solvent exchange to

DMF had no significant influence on the course of the
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reaction. The probable mechanism of the CL reaction

(DMF/KOH/oil) used in this work was:

LOOHþ �OH! LOO� þ H2O

LOO� þ LOOH! �OHþ LOLþ O��2

LOOHþ� OH! LOO� þ H2O

LOO� þ LOO� ! L ¼ O� þ LO� þ O2 ! L

¼ Oþ h� m� 300kJ=mol

DMFþ �OH! �CH3 þ HOCNCH3OH

�CH3 þ LOOH! CH4 þ LOO�

LOO� þ LOO� ! L ¼ O� þ LO� þ O2 ! L

¼ Oþ h� m� 300kJ=mol

ð6Þ

Chemiluminescence observed for the analyzed oils

(Figs. 2 and 4) is probably the result of the reaction

between radicals after HO- addition. Molecules formed in

an electronic excited state (L = O*) interacted with the

fluorescence molecules present in low concentration in the

oils [32–37]. As a result, various levels of CL were

observed in non-oxidized oils.

Addition of fluorescence molecules to the reaction

mixture had a positive influence on the CL process (Fig. 6).

Correlation between the CI in DMF/KOH/acridine/oil and

PV determined spectrophotometrically was significantly

better than that observed for CI in the absence of fluores-

cence molecules (Fig. 7). It proves that CL carried out in a

basic-metal ions solvating medium is related to the pres-

ence of lipid hydroperoxidates and fluorescence molecules.

The proposed mechanism of the CL reaction intensified by

acridine might look as it is presented in Fig. 8 [38].

The super oxide anion radical O:�
2 taking part in acridine

oxidation is generated as the result of the reorganization of

lipid hydroperoxidates after HO� addition to the reaction

medium. In the studied reaction, there is no photoreaction

occurring between acridine and DMF because CL after

addition of HO�was very weak. HO� ion was not enough

to catalyze the reaction between aciridine and DMF. These

reactions require the presence of peroxide.

Conclusion

Results of this work shows that proposed CL reactions can

be used to determine lipid hydroperoxidates in vegetable

oils. This chemiluminescent method we have developed is

much more precise and reproducible, with high sensitivity

than a traditional spectrophotometric-based method. Cor-

relation between PVs determined spectrophotometrically

and by CL is high, however depends on the type of oil

used. The sensitivity of the method was able be increased

significantly by the addition of fluorescence molecules to

the reaction mixture. The method can be used for the fast

determination of oil characteristics including determination

of the lipid peroxides value and the presence of fluores-

cence molecules.
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