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ABSTRACT: The induction periods for the peroxidation of
various fish oils at 55-90°C were studied by the Rancimat
test. The natural logarithms of the induction periods varied
linearly with respect to temperature, with a mean coefficient of
-7.5x 1072 °C™1, which was significantly different from that re-
ported for vegetable oils. The activation energy for the forma-
tion of volatile acids had a mean value of 38.9 k}/mol and was
independent of the fish oil source. Peroxide formation under
Rancimat test conditions followed first-order kinetics. The same
kinetics were followed under Schaal Oven test conditions
{forced-air oven, 60°C). On the basis of the results obtained, the
Rancimat test appears to be useful in determining the relative
stabilities of fish oils without the change in peroxide decompo-
sition kinetics that may occur at elevated temperatures.
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The study of the oxidative stability of fats and oils can be
aided by varying parameters, such as temperature, catalyst, or
oxygen pressure, to accelerate the peroxidative process (1,2).
Among the techniques most commonly used, the Rancimat
test has gained acceptance due to its ease of use and repro-
ducibility. In the Rancimat test, an oil sample is heated under
atmospheric pressure, and air is allowed to bubble through
the oil at a selected temperature (3,4). Under these conditions,
the lipoperoxidative process reaches its final steps, and the
short-chain volatile acids that are produced are recovered and
measured conductimetrically in distilled water (5). The time
required to produce a sudden increase of the conductivity due
to volatile acids formation determines an induction period
(IP), which can be defined as a measure of the stability of a
fat or oil.

Depending on the initial concentration of peroxides pre-
sent in an oil, the lipoperoxidation process can follow two dif-
ferent kinetics. When the initial peroxide content is low, the
global rate of peroxide formation has a 0.5 kinetic order with
respect to the peroxide concentration. In turn, when the initial
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peroxide content is high, the global rate of peroxide forma-
tion follows first-order kinetics (1).

The Rancimat test has been mainly used with vegetable oils
(6-8). However, with this kind of oil sample, high tempera-
tures are required to obtain reasonable IP values. At high tem-
peratures, the mechanisms of peroxidation may be different
from those produced at low temperatures; thus, secondary re-
actions, such as polymer formation, are favored, and the rate
of peroxide formation becomes dependent on the oxygen con-
centration due to its reduced solubility in the oil (1,29). Tak-
ing these considerations into account, the conclusions obtained
may have a questionable value because they were obtained
under conditions that differ from those normally occurring
under storage conditions. Thus, the use of high temperatures
emerges as a possible limitation of the Rancimat test.

The Rancimat test for fish oils does not require such high
temperatures (10,11). The Rancimat model 679 (Metrohm,
Switzerland) can be used at temperatures of 50°C, where
a change in the mechanisms of lipoperoxidation is not likely
to occur.

The objective of the present work was to validate the use
of the Rancimat test for the assessment of the relative stabil-
ity of fish oils. For this purpose the IP dependence on the tem-
perature was established and the kinetics of peroxide and
volatile acids formation under Rancimat test conditions was
studied with different fish oils.

MATERIALS AND METHODS

Samples. Partially refined Chilean anchovy, Chilean sardine,
and Uruguayan hake liver oils were used. Recently prepared
anchovy oil (AO) and hake liver oil (HLO) were used with
no previous treatment. Sardine oil (SO) was winterized dur-
ing 4-6 mon at 10°C in a dark glass bottle under a nitrogen
atmosphere, then high-vacuum distilled, as previously de-
scribed (12). AO and SO were a gift from CORPESCA S.A.
(Mgjillones, Chile), and HLO from ASTRA S.A. (La Paloma,
Uruguay). None of the oils studied had antioxidants added.
Rancimat tests. A Rancimat model 679 was used. The IP
were determined automatically by the apparatus, and the
slopes of the curves beyond the IP were manually determined.
The tests were carried out in triplicate, with 3.00 £ 0.05 g of
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oil at selected temperatures (range: 55-90°C) at an air flow of
20 L/h.

The glassware was rigorously cleaned between each run to
avoid any contamination that would catalyze the peroxida-
tion. The tubes were cleaned with absolute ethanol, and then
with detergent and hot running water. After this they were im-
mersed in an alcoholic solution of NaOH (6%) during the
night. Then they were rinsed with running water and double-
distilled water. Clean glassware was thoroughly dried in an
oven. Oils were kept in dark glass bottles at 4°C under a ni-
trogen atmosphere between each run.

Sensitivity of the Rancimat test. The principle of determi-
nation of the conductivity in the Rancimat test is based on
measurement of the resistance (R) of the solution of the re-
covered volatile acids. Assuming that the solution behaves as
a homogeneous conductor, the resistance of the solution could

be expressed as:
l
R=0|— 1
0( S) (1

where G is the resistivity, [ is the distance between the elec-
trodes, and S the electrode section. The apparatus electroni-
cally calculates the conductance L, defined as the inverse of

the resistance:
()
o /1

The parameter /G is defined as the conducitivty, 9, which
is reported by the apparatus as a function of the time. The
ratio /S is defined as the cell constant, k. The equation for
conductivity is then:

x=Lk 3]

Thus, for reporting the oxidation curve, the apparatus
transforms the resistance measurements into conductivity val-
ues by using the cell constant values. The IP is determined by
performing the second derivative of the conductivity, d%y/0r.
If the variations are not sensitive enough, the apparatus does
not detect the IP. The equipment allows manual changes of
the cell constant values, as they should be calibrated after a
long period of usage.

Equation 3 shows that duplication of the cell constant
value leads to a duplication in the conductivity values. This
was advantageously used as a simple way to increase the sen-
sitivity of the test. Table 1 shows that the IP could not be de-
tected by the apparatus by using the real values of the cell
constant; but when the cell constant was increased by a factor
greater than 1.8, the IP was better defined and could be mea-
sured. Note that the IP values were not significantly altered
by this procedure. In view of these results, the experiments
were carried out with cell constant values which were double
those of the real ones.

Kinetic studies. Six samples, weighing 3.00 + 0.05 g, were
placed in the Rancimat at 60, 70, and 80°C. At predetermined
times, two tubes were taken out and immediately soaked in a
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TABLE 1
Effect of Cell Constant Values (k) on the Induction Period (IP)
of Sardine Oil at 50°C Assessed by the Rancimat Test

ko, cm™) Kygeq (cm™) Factor (k goq/K;ea) 1P (h)
0.83 0.83 1 nd?
0.84 0.84 1 nd
0.85 1.00 1.2 nd
0.85 1.50 1.8 1.4
0.82 1.80 2.2 11.2

“nd = Not detected by the apparatus.

water/ice bath to slow the reaction. For each sample, dupli-
cate determinations of peroxide value (POV) were completed.
Data were processed to fit kinetic models of 0.5 and first
order.

Other kinetics studies were performed by using the Schaal
Oven test. SO samples were placed in 250-mL bottles in an
oven at 60°C. Two samples were taken at different times, and
the POV was determined in duplicate. Data were processed
to fit kinetic models of 0.5 and first order.

Chemical analyses. POV were determined according to
AOCS method Cd 8-53 (13). Fatty acid composition was as-
sessed by gas chromatography of their methyl esters, obtained
according to AOCS method Ce 1b-89 (13). A Carlo Erba
{(Milan, Italy) GC-6000 Vega-2 gas chromatograph was used.
Fatty acids were analyzed with a wide-bore column, 30-m in
length and 0.75-mm i.d., with SP-2330 as stationary phase
(Supelco Inc., Bellefonte, PA). The temperature program was
5 min at 150°C, then the temperature was increased at
2°C/min to 190°C and 3°C/min to 211°C, and 10 min at
211°C. Injection and flame-ionization detector temperatures
were 250 and 270°C, respectively. Nitrogen was used as the
carrier gas. A Spectra-Physics SPA 4270 integrator (Freman,
CA) was used to determine area percentages.

Statistical analyses. Variance homogeneity was assessed
with the Bartlett test (14). The significance of correlation co-
efficients for the lineal regression models were tested by the
Student’s r-test (14). A significance level of 5% was consid-
ered significant for all statistical analyses.

RESULTS AND DISCUSSION

The main components of the oils studied are summarized in
Table 2. The percentages of saturated fatty acids (SAT) and
monounsaturated fatty acids (MUFA) for AO and SO were
similar, whereas HLO had a greater relative proportion of
MUFA due to relatively great quantities of 20:1 and 22:1.
Total polyunsaturated fatty acids (PUFA) for the three oils
were similar, although eicosapentaenoic acid (EPA) and do-
cosahexaenoic acid (DHA) are significantly greater for AO
and SO (P < 0.05) because of the presence of other PUFA in
HLO, such as 18:4n-3 and 20:4n-6. From the information
stated above, the PUFA/SAT ratio was greatest for HLO, fol-
lowed by SO and AO.

IP. Table 3 summarizes IP values for the different oils at
different temperatures. As expected, the IP values decreased
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TABLE 2
Characteristics and Fatty Acid Composition of the Soils Studied
Anchovy oil Hake liver 0il  Sardine oil
Partially refined + + +
Winterized - - +
Vacuum-distilled - - +
Fatty acids?
14:0 7.2+0.1 6.8+04 7.7+£03
16:0 17.6 £ 0.05 16.7 £1.2 17.5+0.5
18:0 4.0+0.5 1.2+0.0 33+1.0
SAT 28.8 24.7 28.5
16:1 8.3+0.2 7.8+04 8.5+0.2
18:1 13.5+03 17.2+05 131+ 0.1
20:1 22+0.1 4.8 + 0.1 24+00
22:1 trace 1.3+0.2 trace
MUFA 24.0 311 24.0
18:2n-6 1.2+0.0 20+0.2 25+03
18:4n-3 1.6 +0.0 3.5+0.2 1.2+00
20:4n-6 1.6 +0.1 4.7 £ 1.1 1.0+£0.1
20:5n-3 14.9 £ 01 7.5x04 18.1 £ 1.0
22:5n-3 23+0.2 09 +0.1 26+02
22:6n-3 121+ 05 155+ 1.3 109+ 0.6
PUFA 33.7 3441 36.3
Total reported 86.5 89.9 88.8
EPA + DHA® 27.0 23.0 29.0
PUFA/SAT 1.17 1.38 1.27

“Expressed as mass percentage. Mean values + one standard deviation. SAT,
saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsatu-
rated fatty acid.

bEPA, eicosapentaenoic acid (20:5n-3); DHA, docosahexaenaic acid
(22:6n-3).

as the temperature increased. The natural logarithms of the IP
varied linearly with temperature (P < 0.05) for the three oils
studied (Fig. 1). The slopes of the curves in Figure 1 (Table
3), which represent the temperature coefficients for the nat-
ural logarithms of the 1P, did not differ significantly (P <
0.05). This enabled us to establish a common temperature co-
efficient for the three oils, which, according to our results, had
a mean value of 7.5 X 1072°C~!. Hasenhuettl and Wan (8)
obtained temperature coefficient values for vegetable oils
between —2.78 x 1072 and —=3.15 x 1072°C"! (mean value:
-3.01 x 1072°C™1). This could be interpreted as a mean value
representative of vegetable oils. Results by Reynhout (7) with
soybean oil samples are in agreement with this hypothesis.
Although this author did not report the slopes, the values
could be easily calculated from the graphs, yielding a value
of approximately —3 x 1072°C™!, in the range of 80-140°C.

TABLE 3

Induction Period (IP) Values (mean of three analyses + one standard
deviation) for Anchovy Oil, Hake Liver Oil, and Sardine Oil Assessed
by the Rancimat Test

Temperature IP th)
°C) Anchovy oil Hake liver oil Sardine oil
55 21.8+0.8 9.1+0.3 9.7 + 0.1
60 14.2 £ 0.4 6.3+0.2 6.7 £ 0.1
70 6.5 0.1 2.7+ 0.1 2.6 +0.1
80 3.2+00 14 +0.0 1.5+x00
90 1.5+0.1 0.7 +0.0 0.7 +0.0
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FIG. 1. Linear relationship between the natural logarithm of the induc-
tion period (IP) [In (IP)] assessed by the Rancimat test and the tempera-
ture (°C) for anchovy (&), sardine (O), and hake liver (®) oils.

The intercepts of the curves in Figure 1, obtained for HLO
and SO, did not differ significantly; however, the intercept for
AO differed from that of HLO and SO (Table 4) (P < 0.05).
To know which factor was responsible for this difference, a
matrix correlation was determined between the intercepts for
each curve and the POV, % (EPA + DHA), and PUFA/SAT
ratio. Although the number of oils studied was not sufficient
to establish the significance of the correlations, the results
suggest a possible interpretation. The highest correlation (in
absolute value) was with the PUFA/SAT ratio (r = -0.917),
as compared to % (EPA + DHA) (r = 0.369) and POV (r =
—0.442). It is known that the percentage of SAT in fish oils is
usually constant among species and for a single species in dif-
ferent periods of the year (15,16). Generally, variations in the
fatty acid composition are mainly due to the MUFA and
PUFA. For this reason, the PUFA/SAT ratio (also known as
polyene index) is usually taken as a measure of the extent of
polyunsaturation of an oil and, obviously, of its tendency to
undergo autoxidation.

TABLE 4
Linear Regression Analysis Data for the Relationship Between In (iP)
and Temperature (°C) for Anchovy, Hake Liver, and Sardine Oils?

Fish oil b +SD m £ SD (x10%) r P

Anchovy oil 7.3 £0.1 -7.6+0.1 0.9995 <0.05
Hake liver oil 6.2 + 0.1 -7.3+0.1 0.9979 <0.05
Sardine oil 6.4 + 0.1 -7.5+0.2 0.9967 <0.05

“The regression equation is In (IP) = m - (temperature, °C) + b, where m is
the slope and b is the intercept; r represents the correlation coefficient of the
regression line and P the probability. Abbreviation as in Table 2.
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The intercepts of the curves of Figure 1 represent the nat-
ural logarithms of the IP at 0°C. Taking the IP as a stability
criterion, our results showed that the stability order for the
oils studied here was AO > SO = HLO. As stated previously,
the slopes of the three curves in Figure 1 did not differ signif-
icantly, so it can be assumed that they are parallel among
them. In this way, the stability order mentioned here would
be valid for any temperature in the range studied.

Slope of the Rancimat curve beyond the IP. Most of the
volatile acid components produced in the Rancimat test are
formic acid, with lesser amounts of acetic, propionic, and
other acids (5). deMan et al. (5) showed that the curve for the
production of formic acid is reasonably coincident with the
curve of the Rancimat beyond the IP. In this way, the Ranci-
mat slope beyond the IP is proportional to the rate of volatile
acid formation. When these slopes were calculated, and their
natural logarithms were plotted vs. the inverse of the absolute
temperature, a relationship similar to the Arrhenius model
was obtained (P < 0.05) for the three oils (Fig. 2). The Arrhe-
nius activation energy for the volatile acids production for
each oil [calculated as the slope of the plot of In (slope) vs.
I/T, multiplied by 8.314 }/mol - K] did not differ among them
(P < 0.05) and yielded a mean value of 38.9 kJ/mol. This im-
plies that the production of volatile acids was not dependent
on the fish oil source, so it did not affect the assessment of the
relative stability of fish oils.

Kinetics of peroxide decomposition under Rancimat con-
ditions. The Rancimat test for vegetable oils implies a need
for high temperature (between 100-140°C), at which the lipid
peroxidation mechanisms involved may differ with respect to
those operating at room temperature. For fish oils, tempera-
tures under 100°C are adequate for obtaining measurable IP,
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FIG. 2. Arrhenius plot for the rates of volatile acids formation (n) for an-
chovy (&), sardine (O), and hake liver (@) oils.
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FIG. 3. Kinetics of peroxide decomposition for sardine oil under the
conditions of the Rancimat test (see Material and Methods section) at
60°C (Q), 70°C (@), and 80°C (A). POV, peroxide value; POV,,, initial
peroxide value.

as shown in this study. It is reasonable to suppose that the
mechanisms of lipoperoxidation in the temperature range
studied did not change with respect to those operating at
lower temperatures. To prove this, the rate of peroxide for-
mation (before the IP) was determined under the conditions
of the Rancimat test, as described in the Materials and Meth-
ods section. A linear relationship was obtained between In
(POV/POV,) vs. time at 60, 70, and 80°C (Fig. 3), which im-
plies first-order kinetics. In other studies, SO samples were
subjected to the Schaal Oven test (forced-air oven at 60°C).
The Schaal Oven test method is considered to correlate well
with normal storage conditions (1). Results showed that,
under these conditions, the peroxide decomposition followed
first-order kinetics, and thus represents those obtained under
Rancimat test conditions. Under the experimental conditions
employed here, the Rancimat test is a useful tool for assess-
ing the relative stabilities of fish oils.
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