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Abstract The oxidative stability of diacylglycerol

(DAG)-enriched soybean oil and palm olein produced by

partial hydrolysis using phospholipase A1 (Lecitase Ultra)

and molecular distillation was investigated at 110 �C by

the Rancimat method with and without addition of syn-

thetic antioxidants. Compared with triacylglycerol oils, the

DAG-enriched oils displayed lower oxidative stability due

to a higher content of unsaturated fatty acids and a lower

level of tocopherols. With the addition (50–200 mg/kg) of

tert-butylhydroquinone (TBHQ) or ascorbyl palmitate (AP),

the oxidative stability indicated by induction period (IP) of

these DAG-enriched oils under the Rancimat conditions

was improved. The IP of the diacylglycerol-enriched soy-

bean oil increased from 4.21 ± 0.09 to 12.64 ± 0.42 h

when 200 mg/kg of TBHQ was added, whereas the IP of

the diacylglycerol-enriched palm olein increased from

5.35 ± 0.21 to 16.24 ± 0.55 h when the same level of AP

was added. Addition of TBHQ, alone and in combination

with AP resulted in a significant (p B 0.05) increase in

oxidative stability of diacylglycerol-enriched soybean oil.

AP had a positive synergistic effect when used with TBHQ.

Keywords Diacylglycerol � Rancimat method �
Oxidative stability � Antioxidant

Introduction

Diacylglycerol (DAG)-enriched oil has been introduced as

a functional cooking oil containing approximately 80 wt%

DAG and 20 wt% TAG in the United States as well as on

the Japanese market recently. DAGs are present as three

different stereoisomers: sn-1,2-DAG, sn-2,3-DAG and

sn-1,3-DAG. They occur as a natural component of the

acylglycerol fraction in various fats and oils at levels up to

10% (w/w) [1]. Studies in both animals and humans have

shown the beneficial health effects of DAGs. Although

DAGs have a similar energy value as triacylglycerols

(TAGs), they have the ability to decrease postprandial lipid

levels [2, 3]. Consumption of DAGs has also been asso-

ciated with both a reduction in body weight and a reduced

accumulation of visceral abdominal fat [4, 5].

The oxidative stability of cooking oils is a critical issue

in considering the safety and the shelf life of products. The

autoxidation and thermal oxidation stability of DAG

cooking oil have been found to be similar or even slightly

better than those of conventional TAG oil at about 170 �C

[6, 7]. However, the hydrolytic stability was found to be

lower for DAG cooking oil, indicating that DAG cooking

oil is more susceptible to hydrolysis when used for deep-

frying under severe conditions (about 180 �C) [8]. DAG oil

has been found to be less stable to oxidation at ambient

temperatures (5–38 �C) when compared to the corre-

sponding TAG oil [9]. However, the butter blends con-

taining 40 wt% of DAG oil were more stable against

oxidation than those containing oils from sunflower

seeds [9].

Determining oxidative stability is tedious and time

consuming when analyzed at room temperature, thus it is

necessary to use an accelerated test to determine the oxi-

dative stability. Several accelerated methods have been
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described: Schaal oven test, active oxygen method (AOM)

and Rancimat method. Diacylglycerol-enriched oils are

functional dietary oils with applications in replacing fats in

fried potato chips, French fries and chicken. The evaluation

of oxidative stability by the elevated temperature condi-

tions of the Rancimat procedure seemed appropriate to

those frying applications [10].

Evaluation of oxidative stability of diacylglycerol-enri-

ched oil in the presence of antioxidants under the Rancimat

accelerated oxidation conditions has not yet been reported.

The objective of this study was to investigate the oxidative

stability of the DAG-enriched soybean oil and palm olein

with and without addition of antioxidants, tert-butylhy-

droquinone (TBHQ) or ascorbyl palmitate (AP), with the

Rancimat method. As controls, the corresponding soybean

oil and palm olein were also tested by this method.

Materials and Methods

Materials

tert-Butylhydroquinone (99.9%) and AP (99.9%) were

provided by Dongguan Guangyi Food Additives Co. Ltd.

(Dongguan, China). Standard a- and c-tocopherol was

purchased from Sigma (St. Louis, MO, USA). Soybean oil

was purchased from the South Ocean Oil Industry Co. Ltd

(Shenzhen, China). Palm olein was obtained from the

Zhongshen Cereal and Oil Industry Co. Ltd (Dongguan,

China). Commercial phospholipase A1 (Lecitase Ultra)

(PLA1) was obtained from Novozymes A/S (Bagsvaerd,

Denmark). The PLA1 enzyme activity was claimed to be

10,000 U/ml for acyl group hydrolysis.

Standards of the diacylglycerols of soybean oil and palm

olein were prepared by column chromatography separation

after molecular distillation as described below. Soybean oil

(or palm olein) (50.0 g) were partially hydrolyzed by

phospholipase A1 (Lecitase Ultra) at a reaction tempera-

ture of 45 �C, an enzyme load of 30 U/g (of the oil mass)

and a reaction time of 8 h. After the reaction, the mixture

was allowed to settle for 60 min to separate into two layers,

the upper oil layer and the lower aqueous layer. The upper

oil layer was molecularly distilled at 160 �C to remove the

released fatty acids. The residue of the first distillation

was molecularly distilled at 215 �C again, and the distillate

was collected as diacylglycerol oil (DO). DO (1.0 g) was

dissolved in 20 ml of hexane, and then the solution

was loaded into a silica column (u1.5 9 30 cm). TAGs

were eluted with 250 ml of hexane, and DAGs were eluted

with 400 ml of ethyl ether/hexane (3:7, v/v). A DAGs

standard was collected after the solvents were removed by

a rotary evaporator under vacuum. The purity of the stan-

dard was analyzed by thin layer chromatography (TLC)

and HPLC/ESI/MS. The standard was developed by thin

TLC on silica gel plates (SIL GF254, 20 9 20 cm 9

0.25 mm) provided by Qingdao Haiyang Chemical Co.,

Ltd. (Qingdao, China), using benzene: diethyl ether: acetic

ether: acetic acid (80:10:10:0.2, v/v/v/v) as the mobile

phase. After visualized by iodine vapor, only diacylglyce-

rols fractions were seen.

Production of Diacylglycerol-Enriched Oil

and DAG Oil

The diacylglycerol-enriched soybean oil (DESO) and the

diacylglycerol-enriched palm olein (DEPO) were produced

by partial hydrolysis of soybean oil and palm olein

by phospholipase A1 (PLA1) (Lectiase Ultra,) supplied by

Novozymes A/S (Bagsvaerd, Denmark) and followed by

molecular distillation to remove the newly released free fatty

acids (FFAs). The PLA1 enzyme activity was reported as

10,000 U/mL for acyl group hydrolysis and postulated to

possess sn-1,3 specificity for TAGs [11]. The partial

hydrolysis was conducted at reaction temperature of 35 and

45 �C, enzyme load of 26 and 40 U/g (of the oil mass), water

content of 40 wt% (of the oil mass) and reaction time of 8 h

under neutral condition for soybean oil and palm olein,

respectively. The advantage of production of diacylglycerol-

enriched oil by partial hydrolysis catalyzed by PLA1 (Lec-

tiase Ultra) included the lower enzyme load and the shorter

reaction time compared with lipase catalyzed processes

including glycerolysis, esterification and partial hydrolysis.

The soybean DAG oil (SDO) and the palm DAG oil

were produced by molecular distillation of DESO and

DEPO at 225 �C. The distillate of diacylglycerol with a

high purity was defined as the DAG oil.

Determination of Oxidative Stability

TBHQ and AP were added in the oils with the levels

varying from 50–200 mg/kg, respectively, to investigate

the effect of the type and level of antioxidant on the oxi-

dative stability on DAG-enriched oils. Mixtures of TBHQ

and AP with different ratios but the same total level of

200 mg/kg was added to the DAG-enriched oils to study

the interaction of the antioxidants. Oxidative stability of

the oils was analyzed by the Rancimat method using a

Metrohm 743 Rancimat (Herisau, Switzerland) instru-

ment. Samples of 3.0 g were analyzed under a heating

block of a given selected temperature and a constant air-

flow of 10 L/h.

Tocopherols

Tocopherols were evaluated following the AOCS method

Ce 8–89. A solution of oil in n-hexane was analyzed in a
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Shimadzu HPLC instrument (LC20 AT) on a silica gel

LiChrosorb Si-60 column (particle size 5 lm, 250 9 4.6

mm i.d.; Grace Division, IL, USA), which was eluted

with n-hexane/2-propanol (98.5:1.5, v/v) at a flow rate of

1 ml/min. A fluorescence detector (Shimadzu RF-10AXL)

was used with excitation and the emission wavelengths

set at 290 and 330 nm, respectively. Levels of a and

c-tocopherol in oils were quantified using calibration

curves for a and c-tocopherol.

TBHQ in Soybean Oil

Soybean oil (1.0 g) was extracted with 10 ml (3.33 ml 9 3)

of methanol. The solution of TBHQ in methanol was filtered

through a 0.45 lm nylon membrane filter and then 20.0 lL of

the sample was injected into a Diamonsil C18 5 lm column

(150 9 4.6 mm i.d.) (Dikma Technologies Inc., Tianjin,

China) with a photo diode array (PDA) detector at 280 nm,

which was eluted with methanol in a Shimadzu HPLC sys-

tem (LC20 AT) at a flow rate of 1.0 ml/min and temperature

of 37 �C. Level of TBHQ was quantified using a calibration

curve for TBHQ.

Analysis of Acylglycerol by HPLC and HPLC/ESI/MS

The acylglycerol composition of oils was determined by

reverse-phase high performance liquid chromatography

(RP-HPLC) using an Agilent 1100 series HPLC instrument

(Agilent Technologies Inc., Palo Alto, CA, USA). Samples

were dissolved in a mobile phase (acetonitrile/isopropanol,

56:44, v/v) at a concentration of 10.0 mg/ml, filtered

through a 0.45 lm nylon membrane filter and then 20.0 lL

of the sample was injected into a Diamonsil C18 5 lm

column (150 9 4.6 mm i.d.) (Dikma Technologies Inc.,

Tianjin, China) with photo diode array (PDA) detector at

210 nm. The flow rate was set at 1 ml/min, and the column

temperature was 40 �C. A calibration curve of diacylgly-

cerols was constructed from the standards described above,

and the results are reported as the weight percentage of

total acylglycerol.

The composition of acylglycerol was identified by

HPLC/ESI/MS. Samples including DAGs standard, palm

olein and DAG oil were diluted to a concentration of

1.0 mg/l in the solvent (acetonitrile/isopropanol, 56:44,

v/v), and were then injected onto a Pinnacle II C18 5 lm

column (150 9 2.1 mm i.d.) (Restek Corp., Bellefonte,

PA, USA) in a 4000 QTRAP HPLC tandem mass spec-

trometer (Applied Biosystems Inc., Foster City, CA, USA)

with electrospray ionization under positive ion mode.

Formic acid (0.5%) in acetonitrile/isoproanol (55:45, v/v)

was added to improve the ionization of acylglycerols. The

mass spectra, between 300 and 1,200 amu were obtained at

an ion scan rate of 5,500 amu/s.

Diacylglycerol Fraction Analysis

The sn-1,3-DAG and sn-1,2(2,3)-DAG components of oils

were isolated by TLC on silica gel plates (SIL GF254,

20 9 20 cm, 0.25 mm), using benzene/diethyl ether/acetic

ether/acetic acid (80:10:10:0.2, v/v/v/v) as the mobile

phase. The sn-1,3-DAG fraction (RF = 0.87) and

sn-1,2(2,3)-DAG fraction (RF = 0.78) were scraped off

after visualized by iodine vapor and extracted with diethyl

ether (2 ml 9 3).

Samples of DAGs were then filtered through a 0.45 lm

nylon membrane filter to remove impurities, and 20.0 lL

of sample were injected onto a Lichrosorb Si-60 5 lm

column (250 9 4.6 mm i.d., Grace Division, IL, USA) and

separated by HPLC (LC20 AT, Shimadzu Inc., Kyoto,

Japan) with UV detection at 210 nm. The mobile phase

was n-hexane/98% aqueous isopropanol (99.6:0.4, v/v)

with a flow rate of 1.0 ml/min. The ratio of sn-1, 3 DAG

and sn-1,2(2,3)-DAG were calculated using peak area data.

Fatty Acid Composition

The fatty acid composition of oils were analyzed by GC

(GC 900A, Shanghai Kechuang Chromatograph Instru-

ment Co., Ltd., Shanghai, China) equipped with a capil-

lary column (HP-5, 30 m 9 0.32 mm 9 0.25 lm; Agilent

Technologies Inc., Palo Alto, CA, USA), a flame ionization

detector (FID) and N2 as carrier gas. The injection was

performed in split mode with a split ratio of 80:1. Samples

(4.0 g) were dissolved in 40.0 ml of methanol and then

0.5 ml of 1.0 M methanolic KOH was added, after 10 min

reaction at the boiling point of methanol, n-hexane (20 ml)

and water (40 ml) were added, and the mixture was then

transferred to a separatory funnel. The upper organic phase

was dried over anhydrous Na2SO4, and then concentrated

under a steam of nitrogen. The fatty acid methyl ester

(FAME) solution (1 lL) was injected at an injector tem-

perature of 240 �C, column temperature of 195 �C, FID

temperature of 240 �C and carrier gas (N2) flow of 60 ml/

min. The fatty acid composition reported was based on the

area response using a flame ion detector (FID).

Statistical Analysis

Each analysis of contents of acylglycerols, fatty acids

profiles and levels of antioxidants was done in triplicate

with data reported as means ± standard deviations. All

experiments of Rancimat test were carried out in four

replicates with data reported as means ± standard

deviations. One-way ANOVA was carried out using

SPSS 14 statistical software (SPSS Inc., Chicago, IL).

Differences were considered to be significant at p B 0.05
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using Duncan’s multiple range test. Differences were

considered to be significant for p B 0.05.

Results and Discussion

Acylglycerol and Antioxidant Composition

and FA Profiles in the Oils

The acylglycerol and FA compositions of six oils used in

this study are shown in Table 1. The HPLC chromatogram

of four diacylglycerol-enriched oils with the acylglycerol

peaks identified by mass spectrometry is shown in Fig. 1.

Since the phospholipase A1 (Lecitase Ultra) displayed

some extent of the sn-1,3 selectivity towards triacylglyc-

erol, the resulting diacylglycerol-enriched oil from the

partial hydrolysis had a lower content of saturated FAs

compared to the corresponding TAG oil because the satu-

rated FAs often take the sn-1 position in vegetable oils. The

DAG oils had the highest iodine numbers (SDO, 140.60 ±

0.84 mg I2/100 g; PDO, 87.61 ± 0.48 mg I2/100 g) among

the oils, which was in accordance with the FA profiles of

the oils.

The content of the monoacylglycerols (MAGs) in palm

olein was much higher than that in soybean oil (Fig. 1).

The contents of MAGs according to the peak areas using

the PDA detector at 210 nm were 0.40% and 3.43% in

soybean oil and palm olein, respectively. Due to a lack of

suitable standards of MAGs, the mass contents of MAGs in

the oils were not determined. Most of the MAGs were

molecularly distilled in the DAG oils as a main component

especially in PDO because of the small difference in vapor

pressure between DAGs and MAGs. From Fig. 1b, d TAGs

were found to be entrained into the distillate (DAG oils)

during the molecular distillation for purification of DAGs.

The acid values of all the oils determined by titration with

0.1 M KOH were less than 0.20 mg KOH/g, which elim-

inated the effect of free fatty acids in the oils on the oxi-

dative stability of the oils.

It was claimed that soybean oil purchased from the

market had added synthetic antioxidant, namely, TBHQ, to

improve the oxidative stability. Therefore, the contents of

residual TBHQ in the soybean oil-based diacylglycerol-

enriched oils in this study were determined. The content of

synthetic antioxidant in palm olein, which was taken

directly from the factory without addition of any antioxi-

dant, was not analyzed. Nevertheless, the main natural

antioxidants in vegetable oils, namely, tocopherols, were

determined in all the kinds of oils. The content of TBHQ in

soybean oil was 74.68 ± 1.05 mg/kg. However, no TBHQ

was detected in the DESO and the SDO. The synthetic

antioxidant, which had a lower molecular weight and

boiling point than fatty acids, was completely distilled into

the distillate, the FFAs (the content of TBHQ in the FFAs

Table 1 Acylglycerol composition, FA profile and levels of antioxidants of TAG and DAG oils

Soybean oil DESO SDO Palm olein DEPO PDO

Acylglycerol composition (wt%)

MAG ? TAG 98.55 ± 0.03f 57.35 ± 0.48c 21.37 ± 0.73a 95.70 ± 0.06e 64.49 ± 0.09d 25.48 ± 0.31b

1,3-DAG 0.87 ± 0.03a 22.15 ± 0.21d 49.10 ± 0.35e 2.10 ± 0.05b 20.07 ± 0.21c 61.06 ± 0.43f

1,2-DAG 0.58 ± 0.06a 20.50 ± 0.27d 29.53 ± 0.39e 2.20 ± 0.06b 15.44 ± 0.12c 13.43 ± 0.12f

FA composition (wt%)

Palmitic acid 11.41 ± 0.65c 10.31 ± 0.17b 8.52 ± 0.19a 38.44 ± 0.71f 34.16 ± 0.41e 31.34 ± 0.24d

Oleic acid 28.41 ± 0.26a 30.30 ± 0.61b 31.15 ± 0.70b 48.04 ± 0.72c 52.67 ± 0.25d 54.23 ± 0.46e

Linoleic acid 55.42 ± 0.22d 56.12 ± 0.86d 57.58 ± 0.45e 8.98 ± 0.26b 8.10 ± 0.25a 10.14 ± 0.12c

Linolenic acid 4.76 ± 0.27bc 3.27 ± 0.10a 2.75 ± 0.08a 4.54 ± 0.65bc 5.07 ± 0.47c 4.29 ± 0.34b

Total saturated 11.41 ± 0.65c 10.31 ± 0.17b 8.52 ± 0.19a 38.44 ± 0.71f 34.16 ± 0.41e 31.34 ± 0.24d

Total unsaturated 88.59 ± 0.65a 89.69 ± 0.17b 91.48 ± 0.19c 61.55 ± 0.71d 65.83 ± 0.40e 68.66 ± 0.24f

Tocopherol

a-toco (mg/100 g) 19.65 ± 0.63c 6.52 ± 0.43a 15.06 ± 0.44b 20.85 ± 0.39d 7.08 ± 0.24a 18.92 ± 0.47c

c-toco (mg/100 g) 28.65 ± 1.45e 2.55 ± 0.03a 8.00 ± 0.11c 20.10 ± 0.56d 1.83 ± 0.06a 4.23 ± 0.05b

TBHQ (mg/kg) 74.68 ± 1.05 ND ND – – –

Iodine number (mg I2/100 g) 126.88 ± 1.48d 134.00 ± 0.75e 140.60 ± 0.84f 73.51 ± 0.86a 79.72 ± 0.28b 87.61 ± 0.48c

Mean values with different letters in the same row are statistically different (p B 0.05)

DESO diacylglycerol-enriched soybean oil

SDO soybean diacylglycerol oil

DEPO diacylglycerol-enriched palm olein

PDO palm diacylglycerol oil
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Fig. 1 HPLC chromatogram of diacylglycerol-enriched oils using

reversed phase column (C 18 5 lm 9 150 mm 9 4.6 mm) and a PDA

detector at 210 nm with a mobile phase of acetonitrile/isopropanol

(56:44, v/v). Linoleic (L), linolenic (Ln), oleic (O), palmitic (P), stearic

(S), monoacylglycerol (MAG), diacylglycerol (DAG), triacylglycerol

(TAG). a diacylglycerol-enriched soybean oil (DESO), b soybean

diacylglycerol oil (SDO), c diacylglycerol-enriched palm olein

(DEPO) d palm diacylglycerol oil (PDO)
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not shown), at a temperature of 160 �C during the molec-

ular distillation. Levels of tocopherols in the diacylglyc-

erol-enriched oils were much lower than that in the

corresponding TAG oils, especially the level of c-tocoph-

erol, whose molecular weight is lower than a-tocopherol,

indicating that c-tocopherol was more easily distilled into

the distillate. At a temperature of 160 �C at a low feed rate,

tocopherols in the palm fatty acids distillate of palm oil

would be totally molecularly distilled into the distillate

[12]. However, the contents of a-tocopherols in the DAG

oils were significantly (p B 0.05) higher than that in the

diacylglycerol-enriched oils, since tocopherols were

molecularly distilled into the DAG oils at temperature

225 �C.

Selection of Temperature for the Rancimat Test

Stability values of the tested oils at different temperatures

obtained by the Rancimat method expressed as IP are

shown in Table 2. The IP of palm olein at a temperature of

110 �C was 21.53 ± 0.22 h; however, that of PDO

decreased to 1.10 ± 0.02 h. Results showed that each

10 �C rise in temperature decreased the IP by a temperature

coefficient of nearly 2.0, which was similar to those

previously reported for edible oils [13, 14]. The oxidative

stability of the DAG-enriched oils was significantly

(p B 0.05) lower than the corresponding TAG oils, espe-

cially the oils with the high content of DAGs. The same

results were obtained by Kristensen et al. [9] when com-

paring the oxidative stability of DAG oils to TAG oils.

DAGs were more susceptible to oxidation due to the sim-

pler molecular structure and less steric hindrance compared

to TAGs. A similar conclusion was drawn when the palm

olein was converted into palm-based biodiesel (fatty acid

methyl esters, FAME) which was more easily oxidized

[15]. A higher content of DAGs in the diacylglycerol-

enriched oils with shorter IPs also confirmed this obser-

vation. The second reason for the lower oxidative stability

of these diacylglycerol-enriched oils was the significantly

(p B 0.05) lower levels of natural antioxidants, especially

c-tocopherol which displayed higher antioxidative stability

than a-tocopherol, than that in the corresponding TAG oils.

Antioxidants played a very important role in the oxidative

stability of acylglycerols and fatty acid derivatives with

less steric hindrance compared to TAGs. The IP of the

biodiesel produced from rapeseed oil increased nearly four

times (from 9.2 to 36 h) when 400 mg/kg of TBHQ was

added [15]. The third reason for less oxidative stability for

Table 2 Stability values of tested oils obtained by the Rancimat method at different temperatures expressed as induction period (IP)

(h) ± standard deviation, respectively (n = 4)

110 �C 120 �C 130 �C 140 �C

Soybean oil 9.46 ± 0.08e 5.62 ± 0.09e 2.77 ± 0.06d 1.43 ± 0.04c

DESO 4.21 ± 0.06c 2.08 ± 0.08c 1.03 ± 0.03b 0.46 ± 0.02a

SDO 0.74 ± 0.03a 0.34 ± 0.01a – –

Palm olein 21.53 ± 0.22f 10.44 ± 0.19f 5.34 ± 0.16e 2.54 ± 0.11d

DEPO 5.40 ± 0.21d 2.79 ± 0.14d 1.32 ± 0.05c 0.69 ± 0.04b

PDO 1.10 ± 0.02b 0.60 ± 0.02b 0.30 ± 0.01a –

Mean values with different letters in the same column are statistically different (p B 0.05)

DESO diacylglycerol-enriched soybean oil

SDO soybean diacylglycerol oil

DEPO diacylglycerol-enriched palm olein

PDO palm diacylglycerol oil

Fig. 2 Effects of addition of

antioxidant on the Rancimat

induction period (IP) (h) of a the

diacylglycerol-enriched

soybean oil (DESO) and b the

diacylglycerol-enriched palm

olein (DEPO).tert-
Butylhydroquinone (TBHQ),

ascorbyl palmitate (AP)
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these diacylglycerol-enriched oils was the enrichment of

unsaturated fatty acids in the these oils due to the partial

hydrolysis by PLA1 which possessed sn-1,3-selectivity

towards TAGs, since unsaturated fatty acids had a higher

probability to occupy the sn-2 position of the natural

vegetable oils. The last reason the authors postulated was

the initialization of oxidation during the partial hydrolysis

by agitation and the high temperature treatment during the

second-step molecular distillation which was also reported

to be responsible for the lower oxidative stability of DAG

oils [9].

The results of the oxidative stability of the DAG-enri-

ched oils in this study were different from the work

conducted by Shimizu et al. [7]. In their report, the

autoxidation and thermal oxidation stability of DAG

cooking oil were found to be similar or even slightly better

than those of conventional TAG oil at about 170 �C. The

fatty acids profile of the TAG oil (a mixture of rapeseed oil,

perilla seed oil, and safflower oil) used in their study was

similar to that of the DAG oil and the OSI (IP) of these oils

at 120 �C was nearly the same. However, in this study, the

corresponding TAG oils had a higher content of saturated

fatty acids and a lower content of unsaturated fatty acids,

and their IPs were about two to three times longer when

compared to the DAG oils. Furthermore, the processes for

production of DAG oils were also different. In this study,

the DAG-enriched oils were produced by partial hydrolysis

and purified by molecular distillation twice for a high

purity at a high temperature. Nevertheless, the DAG oils

reported by Shimizu et al. were prepared by esterification

and purified by molecular distillation only once at a rela-

tively low temperature, which also caused the different

results of the oxidative stability of the DAG-enriched oils.

The oxidative stability of the DAG oils of palm olein

was better than that of soybean oil due to the higher content

of saturated fatty acids. The temperature of 110 �C was

selected as the tested temperature for the Rancimat method,

since IPs for DAG-enriched oils were quite short at tem-

perature over 110 �C. The previous report showed that

airflow had no effect on the IP of the tested oils [16].

According to Rancimat practice tips and tricks, the airflow

is usually set according to the requirements of the standard

or the customer. As long as the cooling effect deriving

from the gas flow is compensated it does not show an

influence on the determination of the induction time, and

airflow recommended for stability test in the standards

varies from 7 to 20 L/h for different materials, so the air-

flow in this study was fixed at 10 L/h.

Effects of Antioxidants on the Oxidative Stability

The effects of freshly added TBHQ and AP on IP of the

DESO and the DEPO are shown in Fig. 2. TBHQ and AP

increased IP of these two diacylglycerol-enriched oils with

increasing of concentration. The IP of the DESO increased

from 4.21 ± 0.09 to 12.64 ± 0.42 h when 200 mg/kg of

TBHQ was added, whereas the IP of the DEPO increased

from 5.35 ± 0.21 to 16.24 ± 0.55 h when the same

amount of AP was added. TBHQ was more effective than

AP at improving the oxidative stability of the DAG-enri-

ched oils from soybean oil. However, AP showed better

performance than TBHQ in the DAG-enriched oils from

palm olein. The reason for the better performance of AP

than TBHQ, the authors postulate, was that AP may have a

synergistic effect with the existing natural antioxidants in

palm oil at a high temperature. AP was observed to have a

better performance than TBHQ for improving of oxidative

stability of palm-based biodiesel under the Rancimat con-

ditions in our previous work [17]. It is possible for an

antioxidant with lower antioxidant activity at low temper-

atures to have better performance at high temperature,

such as tocopherols, the antioxidant activity of tocopherols

is dependent on temperature and is in the order of

d[ c[ b[ a tocopherol [18]. However, the order was

found to be reversed at a low temperature (30 �C) [19].

TBHQ displayed a better performance of antioxidative

ability for high unsaturated vegetable oils, such as soybean

oil and sunflower oil, over other synthetic antioxidants

under the Rancimat conditions [20], and consequently was

widely used in these vegetable oils commercially.

The DAG oils from soybean oil and palm olein without

addition of synthetic antioxidants had very short IPs, usu-

ally less than 1 h at 110 �C. The reason for these oils with

less oxidative stability might be that the processing con-

ditions (high temperatures) during production enhanced

oxidation of these DAG oils. Furthermore, the levels of

antioxidants and the enrichment of unsaturated fatty acids

in these oils were negative to the oxidative stability. After

addition of TBHQ or AP, the IPs of these oils increased

very rapidly (see Fig. 3). With the addition of 200 mg/kg

of TBHQ, the IP of the SDO and the PDO increased to

6.20 ± 0.18 and 3.90 ± 0.12 h, respectively. The same

results that TBHQ was better for soybean diacylglycerol

oil, but AP was better for palm diacylglycerol oil, were

observed. With the addition of a suitable amount and type

of antioxidant, the IPs of the DAG oils were over 6 h at the

temperature of 110 �C.

The Rancimat test determines the end point by using

conductance based on stable secondary reaction products

which are from the decomposition of the primary peroxy

species in the autoxidation [16]. AP, known as a secondary

antioxidant, scavenges oxygen and can react with peroxy

species using a redox mechanism, thus converting the

peroxy species back into the acyl group to prevent the

decomposition of the primary peroxy species and to pro-

long the induction period under the Rancimat conditions.
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AP forms chelates with metals which promote the pro-

duction of free radicals and prolongs the induction period

of oils for autoxidation [21]. TBHQ is a primary antioxi-

dant, which reacts with lipid and peroxy radicals and

converts them to more stable, nonradical products. TBHQ

is capable of donating a hydrogen atom to lipid radicals and

produces lipid derivatives and antioxidant radicals that are

more stable and less readily available to participate in

propagation reactions [22].

A synergistic interaction was observed between TBHQ

and AP when the total level of antioxidant in the diacyl-

glycerol-enriched soybean oil and palm olein was 200 mg/

kg (see Fig. 4). The results showed that the antioxidant

activity of TBHQ in combination with AP was better that

of TBHQ used alone in the DEPO. A 1:1 ratio of TBHQ to

AP resulted in the greatest increase of oxidative stability of

diacylglycerol-enriched oils as indexed by IP. AP acted as

an oxygen scavenger and also as a reducing agent, which

regenerated TBHQ radical intermediate to its reduced form

[22]. The best synergism of antioxidants was found at a 1:1

ratio of TBHQ to AP. At this ratio, together with the

inherent tocopherols from the oils, the primary antioxidants

and the secondary antioxidants produced the strongest

enhanced activity in this system by Rancimat method. A

positive synergistic effect of TBHQ in combination with

AP was also observed for improvement of antioxidation

stability of high-oleic vegetable oils [20]. Furthermore, the

natural tocopherol antioxidants will also regenerate the

oxidized AP and TBHQ into their reduced state. The

regeneration of carotenoids by tocopherols was observed in

the palm oil during frying [23], which caused a synergistic

antioxidant effect on the improvement of oxidative stability

of those oils.

Conclusions

The oils with a higher content of DAGs showed a lower

oxidative stability compared to their corresponding TAG

oils. The oxidative stability of the DESO and the DEPO

indicated by IP at 110 �C was 4.21 ± 0.06 and

5.40 ± 0.21 h, where the IP of their corresponding triac-

ylglycerol (TAG) oils was 9.46 ± 0.08 and 21.53 ±

0.22 h, respectively. The oxidative stability of the DAG-

enriched oils was increased by the addition of antioxidants.

Addition of TBHQ, alone and in combination with AP,

resulted in a significant (p B 0.05) increase in the oxidative

stability of diacylglycerol-enriched soybean oil.
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