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ABSTRACT: A study was conducted to investigate the oxida-
tive behavior of various mixtures of rosemary, sage, and citric
acid in a linoleic acid model system by oxygen consumption
measurement and in a palm olein system by differential scan-
ning calorimetry (DSC) analysis. Response surface methodology
was used to optimize the use of the mixtures. Results showed
that rosemary and sage were two important factors for the pro-
tective index (PI). The two antioxidants were highly significantly
(P < 0.001) in influencing PI values. There was a significant (P
< 0.01) synergistic effect between rosemary and sage on PI val-
ues. Citric acid was also found to be significant (P < 0.05) for
PI. With respect to onset time (To), all three antioxidants were
significant (P < 0.05). However, no significant interaction
among antioxidants was found for To. Mathematical models for
both PI and To could be developed with confidence. The R2 val-
ues for PI and To were 0.992 and 0.926, respectively. A combi-
nation of 0.078% rosemary, 0.067% sage and 0.037% citric
acid was the optimal combination for PI, whereas a combina-
tion of 0.068% rosemary, 0.075% sage, and 0.039% citric acid
was required to reach the optimal To value.
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Many lipids are particularly labile when exposed to a combi-
nation of heat, air, and light. Under conditions of heating or
frying, the acceleration of both thermal and oxidative decom-
position reactions occurs (1,2). Excessive heating of oils or
fats can result in the formation of compounds, such as enzyme
inhibitors (3), that possess antinutritional properties and in
accelerated loss of antioxidant vitamins, such as vitamin E
(4,5), leading to growth depression and histologic changes in
gastrointestinal tissues (6,7). Moreover, oxidized lipid report-
edly enhances peroxidation of membrane macromolecules
(8), thus contributing to mutagenicity (9), genotoxicity (10),
and angiotoxicity (11). These cellular aberrations are likely
implicated in reports linking oxidized oils to growth retarda-

tion (12), colon carcinogenesis (13), and reproductive disor-
ders (14). Besides potentially adverse health effects of ther-
mally oxidized oil, lipid oxidation influences the acceptabil-
ity of the fried product (15). Thus, antioxidants are required
(16) to retard against undesirable changes in oil during stor-
age and frying operations.

Butylated hydroxyanisole (BHA), butylated hydroxy-
toluene (BHT), and tertiary butylated hydroxyquinone are an-
tioxidants commonly used in cooking oils. However, with the
safety concern that have been identified for these synthetic
antioxidants (17), considerable interest in the use of natural
antioxidants for frying purpose has developed. 

Rosemary and sage are two plant-derived antioxidants
with potential to replace synthetic ones in food processing
(18). Both antioxidants have good antioxidative characteris-
tics in foods (19–21). These natural antioxidants are also ef-
fective in stabilizing frying oils and have very good thermal
resistance (12,22). Rosemary is more effective than BHA and
BHT in inhibiting oil oxidation (23). Recently, Irwandi and
Che Man (24) found that together with citric acid, rosemary
and sage added to palm olein effectively retarded oil deterio-
ration during deep-fat frying of potato chips. Citric acid was
used in the study as a synergist.

The objective of the present study was to investigate the
oxidative behavior of various mixtures of rosemary, sage, and
citric acid in a palm olein system and in a linoleic acid model
system. 

MATERIALS AND METHODS

Materials. Refined, bleached and deodorized (RBD) palm
olein was obtained from a local refinery in Selangor, Malaysia.
Oleoresin rosemary (OR; Herbalox Brand, Type O) and oleo-
resin sage (OS; Herbalox seasoning, Type S-O) extracts were
kindly donated by Kalsec Inc., Kalamazoo, MI (Gulf Chemi-
cal Sdn. Bhd., Selangor, Malaysia). Citric acid (CA) was pur-
chased from a local supplier in Selangor, Malaysia. All other
chemicals used in this study were of analytical grade.

Experimental design. Response surface methodology
(RSM) was used to investigate the oxidative effectiveness of
OR, OS, and CA and their different combinations. Echip soft-
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ware (Echip Inc., Hockessin, DE) (25), an RSM-based com-
puter program, was used to design initial experiments, calcu-
late multiple regression equations, and provide statistical
evaluations. RSM uses an experimental design, such as cen-
tral composite design, to fit a model by least squares analysis.
Initial concentrations of OR and OS were varied from 0 to
0.1% each, and CA was varied from 0 to 0.05%, according to
Irwandi and Che Man (24). Fifteen combinations of the three
antioxidants (Table 1) established from the Echip software
were tested to evaluate efficacy in a linoleic acid emulsion
system by an oxygen consumption measurement and in a
palm olein system by a differential scanning calorimetric
(DSC) method. Experiments were performed in triplicate. 

Based on results from both analyses, mathematical models
or equations were developed in this study for optimization
purposes:

response = β0 + β1[OR] + β2[OS] + β3[CA] + β12[OR][OC] 

+ β13[OR][CA] + β23[OS][CA] 

+ β1
2[OR]2 + β2

2[OS]2 + β3
2[CA]2 [1]

where β0 = intercept, β1,2,3 = coefficient for each antioxidant
at the first-order form, β12,13,23 = coefficient for each 
interaction among antioxidants, β1

2
,2

2
,3

2 = coefficient for
each antioxidant at the second-order form,[OR] = concentra-
tion of oleoresin rosemary extract in oil, [OS]= concentration
of oleoresin sage extract in oil, and [CA]  = concentration of
citric acid in oil.

Oxygen consumption measurement. Oxygen depletion in a
linoleic acid emulsion system with added ferrous (Fe2+) ions,
and in the absence and presence of natural antioxidant mix-
tures, was measured according to the methods of McGookin
and Augustin (26), Lingnert et al. (27), and Wijewickreme
and Kitts (28) using a YSI Model 5300 biological oxygen
monitor (Yellow Springs, OH). Mixtures of natural antioxi-
dants shown in Table 1 were first dissolved in a linoleic acid

emulsion (1.5 g of linoleic acid mixed with 0.1 g of Tween 20
in 40 mL of 0.1 M potassium phosphate buffer, pH 6.8). One
milliliter of this mixture was then mixed with 5 mL of buffer
(0.1 M potassium phosphate buffer, pH 6.8), and 0.6 mL of 2
mM FeSO4 dissolved in 0.1 M potassium phosphate buffer
(pH 6.8). The reaction mixture was pumped into a jacketed
reaction vessel at room temperature which contained an oxy-
gen electrode. Oxygen depletion was recorded immediately
after the reaction mixture was introduced into the vessel. Both
antioxidant and prooxidant activities of natural antioxidant
mixtures were expressed in terms of protective index (PI), de-
fined as

[2]

where PI < 1 denotes prooxidant activity, PI = 1 denotes no
activity, and PI > 1 denotes antioxidant activity (27).

DSC analysis. Oxidative stability of oil was determined by
using a PerkinElmer differential scanning calorimeter DSC-7
(Norwalk, CT), according to the method of Gupta and Ja-
worski (29) with minor modifications. The equipment was
calibrated with pure indium, and the baseline was obtained
with an empty open aluminum pan as a reference. An oil sam-
ple of 5.0 ± 0.5 mg was weighed in an open aluminum pan
and placed in the sample chamber. The isothermal tempera-
ture was programmed at 150°C and purified oxygen (99.8%)
was passed through the sample enclosure at 50 mL/min. The
onset time (To) of the oxidation reaction corresponded closely
to the intersection of the extrapolated baseline and the tan-
gent line (leading edge) of the exotherm (Fig. 1).

RESULTS AND DISCUSSION
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FIG. 1. Differential scanning calorimetric (DSC) oxidation curve of re-
fined, bleached, and deodorized (RBD) palm olein without antioxidant.
(A) Isothermal curve at 150°C with nitrogen (99.999%) flowed at 50
mL/min; and (B) isothermal curve at 150°C with oxygen (99.8%) flowed
at 50 mL/min.

TABLE 1
Combinations of Oleoresin Rosemary Extract, 
Sage Extract, and Citric Acid

Trial Rosemary Sage Citric acid
no. (%) (%) (%)

1 0 0.1 0.05
2 0.1 0.05 0
3 0 0.1 0
4 0 0 0.05
5 0.1 0.1 0.05
6 0.05 0.1 0.025
7 0 0.05 0.025
8 0.05 0.05 0.05
9 0 0 0

10 0.1 0 0.025
11 0.1 0.1 0.025
12 0.05 0.1 0
13 0.05 0 0
14 0.1 0.05 0.05
15 0 0.05 0



measurement. The percentage of oxygen remaining in the reac-
tion chamber over a period of time, in the absence and pres-
ence of natural antioxidants, was recorded as a measure of their
PI values. Figure 2 shows percentage oxygen consumption by
four selected natural antioxidant mixtures and the control in a
linoleic acid emulsion system. The percentage of oxygen re-
maining in the vessel declined more rapidly in the control
emulsion (trial sample no. 9) than in the emulsions containing
antioxidant mixtures. No mixture sample with prooxidant ac-
tivity was observed. The control sample reached 50% oxygen
in the chamber in 20 min. Sample no. 6 took the longest time,
or 126 min, to reach 50% oxygen in the chamber, meaning that
this sample had the highest level of antioxidant activity.

PI values were calculated for 15 natural antioxidant mix-
tures by employing an iron-supplemented linoleic acid model
emulsion system, in which iron ions act as a promoter of lipid
oxidation reactions. These values (Table 2 were used to dis-
tinguish between antioxidant and prooxidant activities of the
various mixture samples. Trial samples 6 and 7 had antioxi-
dant activities more than six times higher than the control.
Sample no. 4, where only citric acid was added to the emul-
sion, showed the lowest antioxidant activity.

The effect of various natural antioxidants on PI values is
given in Table 3. Rosemary and sage significantly (P < 0.001)
influenced the PI value. These two antioxidants are signifi-
cant to PI not only at the first-order form (Eq. 1) but also at

the second-order (P < 0.01). The presence of citric acid alone
in the emulsion also had a significant effect on the PI at a P
level of 0.05. The interaction effect between rosemary and
sage on PI values was likewise significant (P < 0.01). A math-
ematical model to predict PI values, as shown in Table 3, was
developed with very high confidence, with R 2 of 0.992. In
RSM methodology, R 2 values greater than 0.75 adequately
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FIG. 2. Percentage oxygen consumption by natural antioxidant mixtures in a model linoleic acid emulsion system. Trial 3: 0.1% sage, 0% rose-
mary and citric acid. Trial 4: 0.05% citric acid, 0% rosemary and sage; Trial 6: 0.05% rosemary, 0.1% sage, 0.025% citric acid; Trial 9: 0% rose-
mary, sage, and citric acid; Trial 13: 0.05% rosemary, 0% sage and citric acid.

TABLE 2
Protective Index (PI) and Onset Time (To) of 15 Different 
Antioxidant-Treated Samples

Trial no. PI To (min)

1 4.5 52.9
2 5.5 56.0
3 3.8 50.9
4 1.3 44.5
5 5.8 71.2
6 6.1 75.5
7 3.9 49.6
8 5.7 74.6
9 1 39.9

10 4.8 51.1
11 5.3 79.2
12 5.0 57.9
13 4.0 48.5
14 6.0 75.5
15 3.6 46.7



predict the effect of some parameters on a response (30,31).
A contour map for predicting PI values, with natural an-

tioxidants as independent variables, is given in Figure 3. A
combination of 0.078% rosemary, 0.067% sage, and 0.037%
citric acid produced an optimal PI.

Monitoring effect of natural antioxidants by DSC. Cross
(32) and Hassel (33) first reported the use of DSC for measur-
ing oil stability. The tests were carried out isothermally with
an oxygen purge. The end point was taken as the time at which
a rapid exothermic reaction between oil and oxygen occurred.
According to Hassel (33), the use of DSC could shorten the
time needed to analyze the oxidative stability of oil samples
from the 14 d of Schaal oven test (34) to less than 4 h.

In this study oxidation reactions produced DSC traces like

that in Figure 1, line B. No exothermic peak was detected
when the oil sample was scanned under nitrogen (Fig. 1, line
A). The extrapolated onset time (To) was taken as a measure
of the relative oxidative stability of the oil. DSC oxidation
curves of 15 samples containing different antioxidant mix-
tures are shown in Figure 4. Addition to the oil  of rosemary,
sage, and citric acid reduced the oxidation, as evidenced by
the longer To of antioxidant-treated samples. The control sam-
ple (sample no. 9) had the shortest To with 39.9 min, whereas
the longest one was sample no. 11, 79.2 min. The To values
for all treatment samples and control are given in Table 2.

Table 3 also shows the correlations obtained between the
15 different combinations of the three antioxidants examined
in this study and To. The equation for predicting the effect of
natural antioxidants on the To values of RBD palm olein had
an R 2 of 0.926. Tests on the estimates in Table 3 showed all
three antioxidants significantly (P < 0.05) affected To values.
The second-order form of sage also significantly (P < 0.05)
influenced the values. However, no significant effects were
found among the three antioxidants on To.

Contour maps for To values of natural antioxidant-treated
RBD palm olein (Fig. 5) indicated that changes in To values
produced the same pattern of relative change in the PI
(Fig. 3). The use of moderate levels of all antioxidants pro-
duces an optimal point of the To. The optimum from this
study was achieved by combining 0.068% rosemary, 0.075%
sage and 0.039% citric acid.

ACKNOWLEDGMENTS

The authors thank Universiti Putra Malaysia for providing the re-
search grant IRPA No. 03-02-04-003 and the Natural Resources and
Engineering Council of Canada.

REFERENCES

1. Grandgirard, A., J.L. Sebedio, and J. Hemy, Geometrical Isom-
erization of Linoleic Acid During Heat Treatment of Vegetable
Oils, J. Am. Oil Chem. Soc. 61:1563–1568 (1984).

2. Sebedio, J.L., J. Prevost, and A. Grandgirard, Heat Treatment of
Vegetable Oils. II. GC–MS and GC–FTIR Spectra of Some Iso-
lated Cyclic Fatty Acid Monomers, Ibid. 64:1324–1333 (1987).

3. Ruiz-Gutierrez, V., and F.J.G. Muriana, Effect of Ingestion of
Thermally Oxidized Frying Oil on Desaturase Activities and
Fluidity in Rat-Liver Microsomes, J. Nutr. Biochem. 3:75–79
(1992). 

4. Sheehy, P.J.A., P.A. Mourissey, and A. Hyun, Consumption of
Thermally-Oxidized Sunflower Oil by Chicks Reduces α-To-
copherol Status and Increases Susceptibility of Tissues to Lipid
Oxidation, Br. J. Nutr. 71:53–65 (1994).

5. Liu, J.F., and Y.W. Lee, Vitamin C Supplementation Restores
the Impaired Vitamin E Status of Guinea Pigs Fed Oxidized Fry-
ing Oil, J. Nutr. 128:116–122 (1998).

6. Alexander, J.C., Biological Properties of Heated Dietery Fats,
in Xenobiotics in Food and Feed, edited by J.W Fuirley and D.E.
Schwass, American Chemical Society, Washington, DC, No. 8,
pp. 129–148, 1983.

7. Clark, W.L., and G.W. Serbia, Safety Aspects of Frying Fats and
Oils, Food Technol. 45 (2):84–90 (1991).

8. Hayam, I., U. Cogan, and S. Mokady, Enhanced Peroxidation 
of Proteins of Erythrocyte Membrane and of Muscle Tissue by
Dietary Oxidized Oil, J. Biosci. Biotechnol. Biochem. 61:

948 J. IRWANDI ET AL.

JAOCS, Vol. 77, no. 9 (2000)

TABLE 3
Effect of Natural Antioxidant Treatments as Reflcted by Regression
Coefficients and R2 for PI and To

Coefficientsa PIb To
b

β0 (intercept) 5.95 71.86
β1 21.41*** 135.67*
β2 17.75*** 147.92*
β3 9.38* 232.15*
β12 −237.47** 1153.14
β13 41.33 2321.85
β23 178.40 453.73
β1

2 −387.97** −3928.42
β2

2 −364.76** −1835.91*
β3

2 −482.53 −8431.92

R2 0.992 0.926
aSubscripts: 1 = oleoresin rosemary extract; 2 = sage extract; 3 = citric acid.
bSignificance levels: ***P ≤ 0.001; **P < 0.01;; *P < 0.05. See Table 2 for
abbreviations.

FIG. 3. Contour map of protective index (PI) of RBD palm olein sam-
ples treated with natural antioxidants. For abbreviation see Figure 1.



1011–1012 (1997).
9. Hageman, G., R. Kikken, F. Ten Hoor, and J. Kleinjans, Assess-

ment of Mutagenic Activity of Repeatedly Used Deep-Fat Fry-
ing Fats, Mut. Res. 204:593–596 (1988).

10. Kitts, D.D., Toxicity and Safety of Fats and Oils, in Bailey’s In-
dustrial Oil and Fat Products, 5th edn., edited by Y.H. Hui, Vol.
1, pp. 215–280, Wiley-Interscience, New York, 1996.

11. Addis, P.B., Occurrence of Lipid Oxidation Products in Foods,

J. Food Chem. Toxicol. 24:1021–1030 (1986).
12. Saito, Y., N. Ohishi, and K. Yagi, Protective Effect of Ri-

boflavin on Suppression of Growth Caused by Oxidized Oil, J.
Nutr. Sci. Vitaminol. 27:17–21 (1981).

13. Yang, C.M., C.W.C. Kendall, D. Stamp, A. Medline, M.C.
Archer, and W.R. Bruce, Thermally Oxidized Dietary Fat on
Colon Carcinogenesis in Rodents, Nutr. Cancer 30:69–73
(1998).

SYNERGIES BETWEEN PLANT ANTIOXIDANT BLENDS 949

JAOCS, Vol. 77, no. 9 (2000)

FIG. 4. DSC oxidation curves of RBD palm olein with natural antioxidant mixtures. For mixture descriptions see Table 1. For abbreviations see Fig-
ure 1.



Thermooxidized Palm Oil Induces Reproductive Toxicity in
Healthy and Malnourished Rats, Plants Foods Human Nutr.
51:159–166 (1997).

15. Jacobson, G.A., Quality Control in Deep-Fat Frying Operations,
Food Technol. 45(2):72–74 (1991).

16. Cuvelier, M.E., C. Berset, and H. Richard, Antioxidant Con-
stituents in Sage (Salvia officinalis), J. Agric. Food Chem.
42:665–669 (1994).

17. Wichi, H.P., Enhanced Tumor Development by Butylated Hy-
droxyanisole (BHA) from the Perspective of Effects on
Forestomach and Esophageal Squamous Epithelium, Food
Chem. Toxicol. 26:717–723 (1988).

18. Irwandi, J., Y.B. Che Man, and D.D. Kitts, Use of Natural An-
tioxidants in Refined Palm Olein During Repeated Deep-Fat
Frying, Food Res. Int., in press (2000).

19. Berner, D.L., and G.A. Jacobson. Spice Antioxidant Principle
and Process for the Extraction Thereof, U.S. Patent 3,373,111
(1973).

20. Chang, S.S., R.J. Peterson, and C.T. Ho, Chemical Reaction In-
volved in the Deep-Fat Frying of Foods, J. Am. Oil Chem. Soc.
55:718–727 (1978).

21. Nakatani, N., Food Antioxidant Production from Sage, Japan
Patent 1-44232 (1989).

22. Houlian, C.M., and C.T. Ho, Natural Antioxidants, in Flavor
Chemistry of Fats and Oils, edited by D. Min and T. Smouse,
pp. 117–143, American Oil Chemists’ Society, Champaign,
1985.

23. Che Man, Y.B., and C.P. Tan, Effects of Natural and Synthetic
Antioxidants on Changes in Refined, Bleached, and Deodorized
Palm Olein During Deep-Fat Frying of Potato Chips, J. Am. Oil
Chem. Soc. 76:331–339 (1999).

24. Irwandi, J., and Y.B. Che Man, Use Optimization of Natural An-
tioxidants in Refined, Bleached, and Deodorized Palm Olein
During Repeated Deep-Fat Frying Using Response Surface
Methodology, Ibid. 76:341–348 (1999).

25. Wheeler, B., Echip-Version 6.0 Windows. Reference Manual,
Echip Inc., Hockessin, Delaware (1993). 

26. McGookin, B.J., and Augustin, M.A., Antioxidant Activity of
Casein and Maillard Reaction Products from Casein-Sugar Mix-
tures, J. Dairy Res. 58:313–320 (1991).

27. Lingnert, H., K. Vallentin, and C.E. Erikkson, Measurement of
Antioxidative Effect of Model System, J. Food Process. Pres-
erv. 3:87–103 (1979).

28. Wijewickreme, A.N., and D.D. Kitts, Influence of Reaction
Conditions on the Oxidative Behavior of Model Maillard Reac-
tion Products, J. Agric. Food Chem. 45:4571–4576.

29. Gupta, S.K., and J. Jawoski, An Evaluation of the Efficacy of
Antioxidants in Soap by Differential Scanning Calorimetry
(DSC), J. Am. Oil Chem. Soc. 68:278–279 (1991).

30. Henika, R.G., Use of Response Surface Methodology in Sen-
sory Evaluation, Food Technol. 37(11):96–101 (1982).

31. Giovanny, M., Response Surface Methodology and Product Op-
timization, Ibid. 37(11):41–45,83 (1983).

32. Cross, C.K., Oil Stability: A DSC Alternative for the Active
Oxygen Method, J. Am. Oil Chem. Soc. 47:229–230 (1970).

33. Hassel, R.L., Thermal Analysis: An Alternative Method of Mea-
suring Oil Stability, Ibid. 53:179–181 (1976).

34. Smouse, T.H., Factors Affecting Oil Quality and Stability, in
Methods to Assess Quality and Stability of Oils and Fat-Con-
taining Foods, edited by K. Warner, and N.A.M. Estin, AOCS
Press, Champaign, pp. 17–36 (1995).

[Received March 23, 2000; accepted June 7, 2000]

950 J. IRWANDI ET AL.

JAOCS, Vol. 77, no. 9 (2000)

FIG. 5. Contour map of onset time (To) of RBD palm olein samples
treated with natural antioxidants. For abbreviation see Figure 1.
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