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Abstract The oxidation of vegetable oils is generally
treated as an apparent first order kinetic reaction. This study
investigated the deterioration of crude palm oil (CPO),
refined canola oil (RCO) and their blend (CPO:RCO 1:1
w/w) during 20 h of successive deep-fat frying at 170,
180 and 190 °C. Kinetics of changes in oil quality indi-
ces, namely, free fatty acid (FFA), peroxide value (PV),
anisidine value (p-AV), total polar compounds (TPC) and
color index (CI) were monitored. The results showed that
FFA and PV accumulation followed the kinetic first order
model, while p-AV, TPC and CI followed the kinetic zero
order model. The concentration and deterioration rate con-
stants k, increased with increasing temperatures. This effect
of temperature was modeled by the Arrhenius equation.
The results showed that PV had the least activation ener-
gies E, (kJ/mol) values of 5.4 &= 1 (RCO), 6.6 £ 0.7 (CPO)
and 11.4 £ 1 (blend). The highest E, requirement was
exhibited by FFA with a range of 31.7 £+ 3-76.5 £ 7 kJ/
mol for the three oils. The overall E, values showed that the
stability of the blend was superior and not just intermedi-
ate of CPO and RCO. The correlation of the other oil qual-
ity indices with TPC indicated a positive linear correlation.
The p-AV displayed the strongest correlation, with mean
correlation coefficient r,; of 0.998 % 0.00, 0.994 £ 0.00 and
0.999 + 0.00 for CPO, RCO and blend, respectively.
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Introduction

The thermostability of frying oils during deep fat frying is
most desirable. This depends on factors such as the type of
oil and its composition, the frying procedure and the type
of food being fried [1]. Other conditions that affect the rate
of thermal degradation of oils include the presence of pro-
oxidants (such as water, oxygen, salt, iron and cupper) and
anti-oxidants (natural and synthetic) [2]. The mechanism
of thermal oxidation mainly comes from free radical medi-
ated breakages of the unsaturated sites of the triacylglyc-
erol (TAG) [3, 4]. Oil degradation reactions that occur dur-
ing deep-fat frying are hydrolysis, oxidation, isomerization
and polymerization [5]. Frying oil degradation results in the
generation of free fatty acids, small molecular weight alco-
hols, aldehydes, ketone, lactone and hydrocarbons [4]. Other
compounds that have been identified in degraded oils include
polymerized diacylglycerols, monoacylglycerols, oligo-
meric, cyclic, and epoxy compounds [6] as well as trans
fats and volatile short-chain aldehyde compounds such as
acrolein [7]. Some of these degradation products affect the
quality of the fried products and can be potentially harmful
to the consumers’ health [8]. It is necessary that any frying
oil be reasonably stable to thermoxidation during extended
exposure to the high temperatures (150-190 °C) used in fry-
ing different kinds of foods. Chemical indicators such as the
free fatty acid (FFA %), peroxide value (PV), para-anisidine
value (p-AV), and total polar compounds (TPC) are used
in monitoring frying fats and oils. The TPC and polymeric
triacylglycerols are among the most reliable frying oil deg-
radation indicators used in regulations by many countries
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[8, 9]. In the year 2000, the DGF (German Society for Fat
Research) recommended a TPC level of <24 % for used fry-
ing oils as TPC levels above 19 % result in fried products
with poor sensory characteristics [10].

Palm oil has a near equal composition of saturated and
unsaturated fatty acids, moderate amounts of linoleic acid
and trace amount of linolenic acid [11]. Crude palm oil
(CPO), also known as virgin palm oil, contains high lev-
els of beneficial phytonutrients such as B-carotene, toco-
pherols and tocotrienols. These antioxidants make the oil
less prone to oxidation and deterioration. CPO has a long
history of direct use in cooking and food preparations in
tropical Africa, Southeast Asia, and South America. The oil
is readily available and is used as a major component of
some processed foods or as a minor ingredient in a vari-
ety of food products [11]. Canola oil is commonly utilized
in cooking and frying. It is very rich in oleic acid and is
among the vegetable oils with a very low concentration
of saturated fatty acids [12]. These characteristics make
canola oil perform poorly during prolonged frying [13,
14]. Natural antioxidants of frying oils are lost during the
refining process, some natural and synthetic antioxidants
such as tocopherol, butylated hydroxytoluene (BHT), and
butylated hydroxyanisole (BHA) are always added into the
frying oil in order to slow down the oxidation process and
especially reduce the formation and accumulation of TPC
[1, 12]. Frying operators sometimes blend polyunsatu-
rated oils with a more saturated or monounsaturated oil as
a cost effective way of reducing the amounts of linolenic
and linoleic acids in the frying medium and thus increas-
ing its thermostability [15, 16]. In addition to controlling
oil oxidation, blending can be used to attain better sensory
properties in fried foods [17].

The maximum ‘fry life’ of oils, the various chemical
reactions and the extent of thermooxidative degradation
during deep-fat frying has continued to engage the atten-
tion of researchers [18-20]. Frying oils differ in their rate
of deterioration and formation of breakdown products [2].
Mathematical models and kinetic studies of food quality
changes during thermal processes is very important in
estimating the performance and suitability of the applied
thermal treatment. This ensures the selection of optimum
processing variables. The controllable variables in deep
fat frying are the oil type, the frying temperature and the
frying time [21]. Furthermore, the oil’s chemical compo-
sition, the proportion of unsaturated fatty acids, the pres-
ence of pro- or anti- oxidant compounds and the initial
oxidative state of the oil needs to be controlled. Accord-
ing to Van Boekel [22], the oxidation of vegetable oils can
generally be treated as an apparent first order reaction.
The need for further studies to determine if each indi-
vidual oil quality index follows this apparent order during
actual frying still exists. The knowledge of the kinetics of
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quality indices (like the FFA, PV, p-AV, TPC, and color
index (CI)) changes in palm oil, canola oil and blend will
make it possible to predict the threshold reject point due
to safety or quality reasons. The application of kinetics
will make it possible to design frying procedures that can
maintain the quality of the oils studied for a reasonable
time and produce fried products with minimal undesir-
able breakdown products, enhanced sensory character-
istics and elimination of potential hazards. Some studies
on repeated heating of blind oil samples, deep-fat frying
of model systems and the presence of food in the frying
oil reported that while polar and polymerization products
are generated as a result of oil breakdown, the presence
of food and some metals in the oil significantly increased
the concentration of these breakdown products [23-25].
However, the conditions encountered in actual frying are
different from heating blind oil samples and model sys-
tems. Refined vegetable oils mostly used in frying have
significantly low amounts of natural phytonutrients and
antioxidants. However, unrefined virgin oils are rich in
various kinds of beneficial phytonutrients and antioxi-
dants [26]. Therefore the need still exists to investigate the
potentials of virgin oils for deep-fat frying and fried prod-
ucts enrichment. The objectives of this work are to evalu-
ate the kinetics driving the deterioration of crude palm
oil (CPO), refined canola oil (RCO) and a binary blend
(CPO: RCO 1:1 w/w) during deep-fat frying of potato
strips using established kinetic equations and to compare
the deterioration rates of the oils’ determined quality indi-
ces based on their activation energies. The strength of the
relationships between these quality indices of oil deterio-
ration will also be investigated.

Materials and Methods
Materials

Crude palm oil (CPO) was obtained from a local palm
oil mill in Abia State, Nigeria. The CPO production and
packaging were supervised by a qualified industry-based
oil chemist. The fresh CPO was filled into dark high-den-
sity polyethylene (HDPE) barrels. The bulk CPO cargo in
wooden crates was transported by air within 2 weeks of
production. The refined canola oil (RCO) (labelled as con-
taining BHA, BHT and dimethyl polysiloxane (DMPS))
was obtained from Titan Oils Inc. Montréal, Canada. A
binary blend was formulated by mixing and vortexing CPO
and RCO (1:1 w/w) to a homogenous blend. The oils were
kept in a dark cool place. Russets potatoes were purchased
from a local grocery shop. All chemicals and solvents used
were of analytical grade and obtained from Fisher Scien-
tific, Fair Lawn, NJ, USA.
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Frying and Oil Sampling Procedures

About 4.5 L of CPO, RCO and blend were heated from an
initial temperature of 23 °C to the chosen frying tempera-
ture for 2 h in a batch electric fryer (D24527DZ DeLonghi
Inc. USA). The frying temperatures used were 170, 180
and 190 °C for 5 h per day. These temperatures are com-
monly used for commercial and industrial deep-fat fry-
ing operations. Successive batches of 100 £+ 2.0 g potato
strips (~10 cm long and 1.2 cm thick) were deep-fat fried
for 10 min. The interval between frying the batches was
30 min. The frying procedure was repeated 3 more con-
secutive days, to give a total heating and frying time of
20 h. Each oil sample and frying temperature was treated
the same way. A K-type thermocouple interfaced with Hot-
mux data logger was used to monitor the oil temperature
during the frying process. The end of each 5-h frying cycle
was followed by cooling to room temperature, then ali-
quots of the fried and fresh (unused) oil samples (250 mL)
were drained into HDPE dark amber bottles and kept fro-
zen at —20 °C until analyzed. Frying was done without oil
replacement, however the oil in the fryer was kept in a dark
cold place and filtered at the beginning of each successive
frying day to remove solid debris.

Analytical Procedure

Before each analysis, the frozen oil samples were allowed
to revert to their liquid state by briefly holding in warm
water at 50 °C.

Physicochemical Analysis of the Oil Samples

The AOCS Official Method Ca 5a-40 was used to deter-
mine the free fatty acid (FFA) expressed as percentage (%)
of oleic acid; the AOCS Method Ja 8-87 was used to deter-
mine the peroxide value (PV) expressed as milliequivalents
of oxygen per kilogram of oil (mequiv O,/kg); the AOCS
Method Tg 1-64 was used to determine the iodine value
(IV) expressed as grams of iodine absorbed per 100 g of oil
(g/100 g) [27]. The overall color change related to the deg-
radation processes in the oil samples was measured as color
index (CI) following the AOCS Method Cc 13c-50 [27].
The anisidine value (p-AV) was determined using the ISO
Method 6885 [28]. The method described by Schulte [29]
was followed to estimate the total polar compounds (TPC).

Kinetic Data Analysis
QOil deterioration was based on the accumulation of FFA,

PV, p-AV, TPC and CI. The reaction kinetics were analyzed
as described by Van Boekel [22]. Firstly, the most suitable

kinetic reaction order model for each quality index data
were established by pre-fitting the experimental data with
different kinetic models. The kinetic model that gave the
coefficient of determination R? closest to 1 was chosen as
the reaction order kinetics for the particular index.

As reported by Hindra and Baik [21], a model for the
rate of food quality changes that degrade by accumulation
in concentration with time is shown in Eq. (1).

dP
dt

(P = food property (in this case, FFA, PV, p-AV, TPC
and CI), dp/dt = rate of deterioration, k = deterioration rate
constant (time™"); [P] = concentration and n = apparent
order of reaction).

If P, = initial value and P, = value at any time #; inte-
grating and rearranging Eq. (1) give Egs. (2, 3) for zero-
and first-order reactions respectively:

[Pi] = kt + [Pol 2

rate(molL_ls_1> = = k[P]" (D

[P] = [Po] * exp*” 3)

Taking natural logarithm of Eq. (3) and rearranging, gives
the linearized form (Eq. 4):

Ln[P;] = kt + Ln[Pg)] 4)

The effect of temperature on the k& was described by the
Arrhenius equation:

k=Ax exp(%ETa) %)

(k = deterioration rate constant; A = frequency factor
(h™Y; E, = activation energy (kJ mol~!); R = universal gas
constant (0.008314 kJ mol~! K~!) and T = absolute tem-
perature (K)).

In order to reduce the correlation between A and E,, a
reference temperature 7, was chosen. The T, was the
mean of the temperatures T studied [22]. The Arrhenius
equation was then reformulated:

k—A [E (1 1)} ©)
=A, xexp|—— % [ = —
R T Tre

(A, = reparametrized frequency factor (h™M).
The predicted data were obtained by substituting for & in
Egs. (2) and (4) using Eq. (6):

1
T Tref>} FrRolr=0)
™

xt+ Ln[Pyl(n = 1)

®)

& springer AOCS &



1246

J Am Oil Chem Soc (2016) 93:1243-1253

Table 1 Quality parameters

: . Quality index
of fresh palm oil, canola oil

Crude palm oil Refined canola oil Blend (1:1w/w)

and blend used in the frying
experiment

Free fatty acid (FFA) (%) 4.15 £ 0.50 0.27 £ 0.06 2.11£0.14
Acid value (AV) (mg KOH/g) 8.26 £ 1.00 0.54 £0.12 4.20 +£0.28
Peroxide value (PV) (mequiv O,/kg) 1.18 £0.12 042 +£0.11 0.78 £ 0.14
p-Anisidine value (p-AV) 2.87 £0.07 242 £ 0.01 3.88 £ 0.01
Total polar compounds (TPC) (%) 5.83 £ 0.40 6.10 £ 0.44 5.63 £ 0.61
Color index (CI) 92.07 £0.70 2.38 £ 0.40 42.37 £ 0.60
Iodine value (IV) (g/100 g) 54.82 £0.15 101.27 £ 041 85.41 £0.83

Measured values =+ std. dev.; AV = %FFA x 1.99

Statistical Analysis

All the experiments and measurements were performed in
triplicate. The significant effects of factors were assessed
by analysis of variance (ANOVA) and the differences
between mean values of parameters were evaluated by Tuk-
ey’s LSD test (@ = 0.05). The kinetic parameters were esti-
mated by non-linear regression of the kinetic equations and
the quality indices were also correlated (Statistical Analy-
sis System (SAS) version 9.4). Model discrimination was
based on pseudo-R? values and the correlation coefficient r.
The validity of the kinetic models for each oil quality index
was verified by the mean relative percentage deviation P
(%) between experimental and calculated values [30], using

Eq. (9).

100 &
P(%) = 7 Z(Cex - Cpr)/cex ©))
i=1

(Cex = experimental concentration; C,, = predicted con-
centration and N = number of experimental data points.
A model is considered acceptable if P values are below
10 %).

Results and Discussion
Free Fatty Acid (FFA) Variations

The initial free fatty acid (FFA) content expressed as %
oleic acid and the acid value (AV) of the oil samples are
shown in Table 1. The AV was 8.26 £ 1.00 mg KOH/g for
CPO, 0.54 + 0.06 mg KOH/g for RCO and 4.20 &+ 0.28 mg
KOH/g for the blend. These values are within the AV range
of 0.60, 4.00 and 10.00 mg KOH/g recommended for
refined oils, cold pressed/virgin oils and virgin palm oils
respectively by the CODEX commission [31]. Our ear-
lier characterization study showed that the amount of FFA
in CPO was higher than RCO because it was not refined
[32]. As shown in Fig. 1, the FFA of the oils significantly
(P © 0.05) increased with frying temperature and time. The
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Changes in free fatty acid (Ln[C])
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Fig. 1 Results for free fatty acid (FFA) accumulation vs time on a
natural log scale. Experimental data corresponds to unfilled diamonds
at 170 °C, open squares at 180 °C and open triangles at 190 °C. Lines
represent the first order fit: continuous lines for Crude Palm Oil,
dashed lines for Refined Canola Oil and dotted lines for the Blend
(1:1 w/w)

maximum percentage changes in FFA over the temperature
range studied were 1.59, 2.21 and 1.09 % for CPO, RCO
and blend, respectively. RCO showed the most noticeable
FFA deterioration despite its initial low levels. This can be
attributed to the polyunsaturated nature of the oil which
made it exhibit a greater degree of sensitivity to the mois-
ture released by the potato strips. These observations are
in line with literature reports on RCO [14, 33, 34]. The
increase in FFA of the blend samples was not an intermedi-
ate between the observed increases in CPO and RCO. This
is due to slower hydrolytic degradation in the blends, possi-
bly because of alteration of the triacylglycerol composition
and reduction in polyunsaturated C18 fatty acids [1, 16].
Figure 1 also shows the results of the kinetic study of
the FFA accumulation. It can be seen that FFA concentra-
tion increased with time and became more rapid at higher
temperatures. This was also reflected by the increase in
deterioration rate constants k with temperature (Table 2).
The first-order kinetic model was adequate in describing
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Table 2 Deterioration rate constants for quality changes in palm oil, canola oil and blend during deep-fat frying
Index Temp. (°C) k(™h R? Apparent reaction order Relative error P (%)
Crude palm oil
Free fatty acid (%) 170 0.0033 0.9757 1 0.63
180 0.0048 0.9823 0.01
190 0.0078 0.9852 0.09
Peroxide value (mequiv O,/kg) 170 0.0670 0.9963 1 3.20
180 0.0702 0.9977 0.26
190 0.0724 0.9944 4.50
p-Anisidine value 170 0.7674 0.9975 0 3.08
180 0.8281 0.9970 2.00
190 0.9042 0.9971 0.92
Total polar compounds (%) 170 0.5768 0.9873 0 3.10
180 0.6672 0.9878 0.60
190 0.8215 0.9882 0.23
Color index 170 0.7177 0.9994 0 6.16
180 0.7616 0.9878 6.89
190 0.7797 0.9972 3.59
Refined canola oil
Free fatty acid (%) 170 0.0265 0.9929 1 2.18
180 0.0311 0.9891 2.02
190 0.0382 0.9975 0.48
Peroxide value (mequiv O,/kg) 170 0.0861 0.9970 1 9.09
180 0.0899 0.9864 5.21
190 0.0917 0.9962 9.48
p-Anisidine value 170 1.4908 0.9866 0 5.04
180 1.5560 0.9836 6.17
190 1.6422 0.9825 3.88
Total polar compounds (%) 170 0.8290 0.9843 0 1.13
180 0.9436 0.9903 3.00
190 1.2260 0.9921 0.95
Color index 170 0.0772 0.9999 0 6.39
180 0.0787 0.9997 4.18
190 0.0795 0.9987 341
Blend (1:1 w/w)
Free fatty acid (%) 170 0.0126 0.996 1 1.39
180 0.0155 0.9917 0.19
190 0.0199 0.9812 1.51
Peroxide value (mequiv O,/kg) 170 0.0519 0.9968 1 8.03
180 0.0563 0.9964 0.90
190 0.0594 0.9927 6.52
p-Anisidine value 170 0.6554 0.9965 0 1.77
180 0.7819 0.9974 1.64
190 0.8929 0.9965 1.17
Total polar compounds (%) 170 0.7322 0.9971 0 3.62
180 0.8844 0.9939 0.39
190 1.1289 0.992 1.05
Color index 170 0.4440 0.9993 0 2.32
180 0.4665 0.9979 3.15
190 0.5064 0.9999 3022
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Table 3 Activation energies of the quality indices of oil deterioration

Parameter Crude palm oil Refined canola oil Blend (1:1 w/w)
2 2 2

E, (KJ/mol) A, R oud E,(KJ/mol) A, R eud E, (KJ/mol) A, R coud
Free Fatty Acid 76.5+7.0 0.01+000 09994 31.7+30 0.03£0.00 09999 39.6+3.0 0.02+0.00 0.9956
Peroxide Value 6.6 +0.7 0.07 £0.00 0.9999 54+10 0.09£000 09979 114+1.0 0.06+0.00 0.9992
p-Anisidine Value 14.1£0.8 0.83 £0.00 0.9997 834+0.7 1.56 £0.01 09999 264+20 0.77+0.01 0.9995
Total Polar Compounds  30.8 £4.0  0.68 £0.01 0.9997 268+30 0.95+0.01 09998 458+7.0 092+£0.03 0.9990
Color Index 70+£2.0 0.75£0.01 0.9999 25+04 0.08+£0.00 09999 11.2+2.0 047+0.00 0.9992

Ea activation energy (+standard error of regression), Ar reparametrized pre-exponential factor (£standard error of regression), Rpm(f: peudo-

regression coefficient of determination

the FFA accumulation in CPO, RCO and blend. This was
evidenced by the values of the regression coefficient R?
and the percentage deviation P also shown in Table 2. The
Pr > F values which correspond to the p-values [35] were
less than 0.05 which indicated that the model was statis-
tically significant and robust as a predictor of changes in
FFA during deep-fat frying.

The activation energies E, obtained from the non-linear
regression of the Arrhenius equation at o = 0.05 is pre-
sented in Table 3. The high pseudo-R? values were evidence
of the goodness of fit of the model. The E, (kJ/mol) values
obtained were 76.5 &+ 7, 31.7 £+ 3 and 39.6 & 3 for CPO,
RCO and blend, respectively. The E, for RCO was the most
significantly low. These results are in accordance with find-
ings, that hydrolytic reactions that breaks the ester bonds
of the TAG requires high activation energy [36]. Moisture
attacks more readily the ester linkage of short and unsat-
urated fatty acids because they are more soluble in water
than long and saturated fatty acids, releasing FFA, glyc-
erol, di- and mono-acylglycerols. Also, RCO with higher
amounts of unsaturated C18 fatty acids is more amenable
to hydrolysis [5, 36].

Peroxide Value (PV) Variations

The initial PV values (mequiv O,/kg) of CPO, RCO and
blend were 1.18 £ 0.12, 0.43 £ 0.11 and 0.78 £ 0.14,
respectively (Table 1). These values are within the range
of guidelines which recommended the initial PV of <2
mequiv O,/kg for good quality vegetable oil and discard
level PV of 10 mequiv O,/kg [10] and up to 15 mequiv O,/
kg for cold pressed and virgin oils [31]. There was no evi-
dence of advanced auto-oxidation in the three oils as their
initial PV were within the recommended range.

The kinetic study of the changes in hydroperoxides was
expressed relative to the initial mean value of the unused oil
on a natural log scale (Fig. 2). The PV values progressively
increased with studied frying time and temperature in the
three oils. Though RCO showed an accelerated rate of PV
formation especially at 190 °C reaching up to 4.87 %, it
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Changes in peroxide value (Ln[C])
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Fig. 2 Results for peroxide value (PV) accumulation vs time on a
natural log scale. Experimental data corresponds to unfilled diamonds
at 170 °C, open squares at 180 °C and open triangles at 190 °C. Lines
represent the first order fit: continuous lines for Crude Palm Oil,
dashed lines for Refined Canola Oil and dotted lines for the Blend
(1:1 w/w)

did not reach the oil reject points specified by the DGF
(German Society for Fat Research) [10] and the Codex
Alimentarius Commission (CAC) [31]. A similar result
was obtained by Tiwari, Tiwari and Toliwal [16] while fry-
ing potato chips at 180 °C in palm oil, sesame oil and a
palm-sesame oil blend. This trend was also reported for
unrefined pollock oil [37] and choibd oil containing anti-
oxidants from Rosmarinus officinalis [38]. The first-order
kinetic model gave a good fit in describing the changes in
the PV of the oil samples as shown by the high R? and low
P of the model (Table 2). The Pr > F values were 0.0033,
0.0052 and 0.0058 for CPO, RCO and blend respectively.
These values gave further proof that the models for pre-
dicting changes in PV of the oil samples were statistically
significant (P < 0.05). The same order of reaction for lipid
peroxidation was reported by Piedrahita, Penaloza, Cogollo
and Rojano [38] for choibd fruit oil and Sathivel, Huang
and Prinyawiwatkul [37] for Pollock oil.
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The Arrhenius equation was used to describe the temper-
ature dependence of k of the oil samples. Non-linear regres-
sions were performed, and the values obtained for the E,
and the pseudo-R? are shown in Table 3. The resulting E,
values (kJ/mol) were 6.6 = 0.7, 54 &+ 1 and 11.4 £ 1 for
CPO, RCO and blend, respectively. The E, values for PV
are in line with earlier findings that the E, required for the
formation and accumulation of lipid peroxides and hydrop-
eroxides is very low since peroxyl radicals’ formation and
decomposition take place simultaneously during thermal
processing of oils [36]. Low E, values implies that the reac-
tion takes place very quickly as the buildup of aldehydes
and carbonyls soon dominates [2]. The very low E, values
obtained for the PV of the RCO can be attributed to the
presence of more double bonds that led to greater sponta-
neous reaction between carbon-centered lipid radicals and
molecular oxygen. Another polyunsaturated oil, choibd
fruit oil, was reported to have shown PV E, range of 4.6—
7.4 kJ/mol by Piedrahita, Penaloza, Cogollo and Rojano
[38]. The blend oil sample had the highest PV E,. This con-
firmed that the rate of formation of peroxide radicals in the
blend was slowest. This can be attributed to the combined
effect of reduced double bond strength as saturation level
increased and synergistic radical scavenging activity of
both natural and synthetic antioxidants [17, 39].

Anisidine Value (p-AV) Variations

The p-AV test is one of the most common tests for moni-
toring oil thermostability because the aldehydes formed
during secondary oxidation and the non-volatile portion of
the carbonyls linger in the frying oil [2, 20]. As seen from
Table 1, the initial p-AV for CPO, RCO and blend were
2.87 £ 0.07, 2.42 £ 0.01 and 3.88 £ 0.01, respectively.
This variation in the p-AV of the fresh oil samples was not
significant and could be due to inherent experimental errors
within the chemical analysis method. Laguerre, Lecomte and
Villeneuve [36], observed that as a result of autoxidation,
some non-volatile aldehydes can be present in unused oils.
However, the initial p-AV obtained were below 10 units in
the three oil samples, indicating near absence of secondary
oxidation [18]. In the oil samples, the p-AV increased as the
frying temperature and time increased. In this study, RCO
showed 41 % higher p-AV than the CPO and 5-18 % higher
than the blend. The highest values observed in RCO can be
due to higher proportions of linolenic and linoleic acids in
the oil. These unsaturated C18 fatty acids decompose more
readily after initial oxidation and yield more aldehydes, par-
ticularly 2-alkenals and 2, 4-dienals [1, 40].

The changes in p-AV of the oil samples as a function of
time at different temperatures are shown in Fig. 3. The anisi-
dine values significantly (P < 0.05) increased with increased
time and temperature. The observed trend correlated with the
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Fig. 3 Results for anisidine value (AV) accumulation vs time. Exper-
imental data corresponds to unfilled diamonds at 170 °C, unfilled
squares at 180 °C and unfilled triangles at 190 °C. Lines represent the
zero order fit: continuous lines for Crude Palm Oil, dashed lines for
Refined Canola Oil and dotted lines for the Blend (1:1 w/w)

iodine value (IV) of the oils, 54.82 + 0.15 g/100 g (CPO),
101.27 £+ 0.41 g/100 g (RCO) and 85.41 & 0.83 g/100 g
(blend) shown in Table 1. The CPO with the least number
of double bonds showed the lowest reactivity of radicals and
formation of secondary breakdown products. A similar trend
has been reported for different lipid media by some research-
ers [3, 19, 36]. The deterioration rates k with respect to p-
AV were well fitted by the zero-order kinetic model. This
is evidenced by the values for Pr > F, R? and P at different
temperatures shown in Table 2. Some workers have also used
zero-order kinetic model to satisfactorily fit the increase in
p-AV in lipids and blends of oils [13].

Non-linear regression analysis showed that k for p-AV,
which is temperature dependent, was also well described by
the Arrhenius equation. The results obtained are presented in
Table 3. The result showed that the order of E, for p-AV is
RCO <CPO < Blend (8.3 £ 0.7 < 14.1 £ 0.8 <26.4 £ 2 kJ/
mol). The E, results confirmed that RCO was most suscepti-
ble to secondary oxidation than CPO and blend. This is due
to the presence of high concentration of polyunsaturated fatty
acids in RCO [14]. The altered TAG composition of the blend
resulted in reduction in level of unsaturation, intermediate
IV and reduced rate of aldehyde accumulation. The reduced
accumulation of aldehydes in the blend oil sample could be
due to the presence of both natural and synthetic antioxidants.
This antioxidant synergism likely inhibited rapid evolution
and accumulation of the aldehydes [15, 36].

Total Polar Compounds (TPC) Variation

The percentage TPC is the commonly authorized criterion
for the appraisal of deterioration of fats and oils during
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Fig. 4 Results for Total Polar Compounds (TPC) accumulation vs
time. Experimental data corresponds to unfilled diamonds at 170 °C,
open squares at 180 °C and open triangles at 190 °C. Lines represent
the zero order fit: continuous lines for Crude Palm Oil, dashed lines
for Refined Canola Oil and dotted lines for the Blend (1:1 w/w)

frying [10]. Theoretically, fresh oils are non-polar. How-
ever, the reported levels of TPC (%) in fresh oils ranged
between 2.77 and 3.98 in hazelnut, corn, soybean and olive
oils [41]; 2.40-2.80 in sunflower oil, tigernut oil and blend
(1:1) of sunflower/tigernut oil [42]; 4.80-8.00 in soybean
oil, beef tallow, shortening and double fractionated palm oil
[43]; and 6.20 in extra virgin olive oil [44]. The initial TPC
(%) values of the three oils used in this frying study were
5.83 £ 0.40, 6.10 £ 0.44, and 5.63 £ 0.61 for the CPO,
RCO and blend respectively (Table 1). These TPC values
mean that the oils have not been adversely altered by autox-
idation. The recommended range of TPC in unused oils is
0.4-6.4 % [42, 45]. As oil breakdown progresses, polymer-
ization products with polarity greater than the native TAGs
are increasingly formed [2, 6]. The level of TPC in the three
oil samples significantly (P < 0.05) increased linearly with
frying time and temperature as shown in Fig. 4. This trend
agrees with literature reports [3, 18, 41-44]. TPC accumu-
lation in CPO, RCO and blend was well fitted by the zero-
order kinetic model. This is also shown by the values for,
R? and P at different temperatures reported in Table 2. The
table also show that the Pr > F values range from 0.0130 to
0.0320 in the three oils which gave evidence of the signifi-
cance (P < 0.05) of the models. The zero-order model was
also used to estimate the theoretical frying hours until TPC
reached the critical 25 % level in the seed oil of Moringa
stenopetala [46]. In this study, the type of oil significantly
(P < 0.05) influenced the accumulation of TPC during fry-
ing. The highest rates of TPC accumulation were observed
in the RCO. This is because among the three oils, RCO
has the highest linolenic acid content whose breakdown
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and further polymerization is a critical factor that affects
the formation of polar compounds in frying oils [47, 48].
RCO fatty acids had higher rate of secondary oxidation
and polymerization reactions. It was only RCO at 190 °C
and 20 h frying that exceeded the 25 % TPC discard limit
endorsed by the German Society for Fat Science.

Table 3 shows E, and pseudo-R? obtained from the non-
linear regression of the Arrhenius equation. The E, values
were 30.8 £ 4 kJ/mol, 26.8 + 3 kJ/mol and 45.8 + 7 kJ/
mol for CPO, RCO and blend, respectively. The E, for
RCO was expectedly the lowest since it is the oil sam-
ple that was the most unsaturated. As seen from the IV
of the three oils (Table 1), RCO had 45.87 and 35.82 %
greater degree of unsaturation than CPO and the blend
respectively. The blend had the highest TPC E,. Blend-
ing canola and palm oils at a 1:1 ratio affected the fatty
acid composition and significantly altered the triacylglyc-
erol (TAG) composition. These can hugely affect the fry-
ing performance of the blend [1]. In addition, antioxidant
synergism and altered chemical composition contributed
to reduce the rate of formation of oxidized TAG, oligomers
and new polymeric compounds [2]. Based on TPC values
in a work that used synthetic antioxidants, Farhoosh [49]
reported that an oil medium that had a mix of TBHQ and
a-tocopherol lasted up to 44 h of frying. In this work, fry-
ing with progressively reduced oil level in the fryer may
have increased the relative formation of polar compounds
especially at higher frying temperatures and time [24,
50]. However, maximum reject point based on TPC was
largely not exceeded and the result is similar to the report
of Omar, Nor-Nazuha, Nor-Dalilah and Sahri [51] that
the TPC contents in standard palm olein and palm-based
shortening were 19.60 and 15.3 % respectively after 40 h
of frying potato chips at 180 °C.

Variations in Color Index (CI)

The composition of the oil, the accumulation of highly con-
jugated oxidation products, the formation of polymers in
frying oil, reactions between glucose and glycine, the oil’s
in situ pigments and the leached pigments from the fried
products are involved in oil color changes during frying [1].
Color index (CI) is a measure of the totality of the degrada-
tion products that led to oil darkening [8, 18]. The initial CI
values as presented in Table 1 showed the following values,
92.07 £ 0.70 (CPO), 2.38 4 0.40 (RCO) and 42.37 % 0.60.
There were significant (P < 0.05) changes in the CI of
CPO and blend as frying temperature and time changed. CI
changes in RCO was not significant. The darkening of CPO
and the blend was not necessarily an indication of instant
deterioration. The darkening of the CPO based oils can
be due to the degradation of B-carotene, transformation of
phenols and tocotrienols and an increase in UV absorbance
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Fig. 5 Results for color index (CI) vs time. Experimental data cor-
responds to unfilled diamonds at 170 °C, open squares at 180 °C and
open triangles at 190 °C. Lines represent the zero order fit: continu-
ous lines for Crude Palm Oil, dashed lines for Refined Canola Oil and
dotted lines for the Blend (1:1 w/w)

of polymerized acylglycerols [18]. After heating induced
lightening of the oils, the CI began to increase with an
increase in frying time and temperature. The increase in CI,
was modeled with a zero-order kinetic equation (Fig. 5).
The goodness of fit of the model was shown by the high R?
for the three temperatures and low Pr > F as well as low P
values (Table 2). The zero-order model was also proposed
for color changes in corn and canola oils (in CIELAB color
space) during frying by Wenstrup, Plans and Rodriguez-
Saona [52].

The E, and pseudo-R? results obtained from the non-
linear regression of the Arrhenius equation is shown in
Table 3. The high pseudo-R* gave evidence of the good-
ness of fit. The E, (kJ/mol) values obtained were 7.0 + 2
(CPO), 2.5 + 0.4 (RCO) and 11.2 &+ 2 (blend). The E,
for RCO was most significantly low. Most publications
on frying color kinetics are focused on the fried products
and not the frying oil. The reported E, are based on color
parameters such as lightness, redness, yellowness and total
color change ratios. The E, from such evaluations ranges

from 71.95 to 174.55 kJ/mol at temperatures between 170
and 190 °C for different products [21]. This result showed
that it takes far less E, for the colors of the frying oils to
undergo changes. Though the frying temperature has a
greater effect on the color of fried products than the oil type
[5], it is also necessary to monitor the color of the frying oil
as the fried products likely pick up some of the pigments
and nutrients responsible for the oil color, especially at the
early stages of frying.

Correlation Between TPC and Other Quality Indices
Measured

By regulation, TPC is used to establish oil deterioration
[10]. The method of assessment of TPC is laborious and
time consuming and so efforts were made to correlate the
strength of the relationships between TPC and the other
quality indices. The Spearman’s correlation coefficient 7,
values obtained are presented in Table 4. In the three oils,
at all the temperatures, TPC showed a strong positive lin-
ear correlation with the other quality indices (¢ = 0.05).
The order of magnitude of correlation was p-AV > FFA
> CI > PV. This trend agrees with the oil quality indices
correlation results reported by Houhoula, Oreopoulou and
Tzia [3]. The TPC’s significant positive correlation to the
other degradation parameters is not unexpected since TPC
is a measure of the totality of the non-volatile oil decom-
position compounds such as thermal scission products,
hydroperoxides, aldehydes, polymerized TAG, DAG,
MAG, acids, alcohols, ketones and epoxides present in the
frying oil [6]. The relatively lower correlation with PV (r,
range = 0.9374-0.9900) and higher correlation with p-
AV (r, range = 0.9933-0.9989) could be attributed to the
ease with which hydroperoxides decompose to form more
stable carbonyls, alcohols and aldehydes. The p-AV analy-
sis targets secondary oxidation products that are retained
in the oil and subsequently undergo polymerization reac-
tions as frying time and temperature increased. The p-AV,
FFA and CI could be used for the estimation of deteriora-
tion of CPO, RCO and blend (1:1 w/w) in deep-fat frying
operation.

Table 4 Spearman’s

. Crude palm oil
correlations between total polar

Refined canola oil Blend (1:1 w/w)

compounds (TPC) and other 170°C  180°C  190°C 170°C  180°C  190°C  170°C  180°C 190 °C
quality indices
FFA  0.9958  0.9809* 0.9966* 0.9869° 0.9961*° 0.9864> 0.9952* 0.9971* 0.9921°
PV 0.9589"  0.9694° 0.9718° 0.9499® 0.9610° 0.9374> 0.9900° 0.9830" 0.9828"
p-AV  0.9974*  0.9983*  0.9983* 0.9933* 0.9943* 0.9940° 0.9981* 0.9989*  0.9985"
CI 0.9962°  0.9920° 0.9995° 0.9908* 0.9938* 0.9964* 0.9829° 0.9514° 0.9610°

Spearman’s correlation coefficient 7, values with superscript® = significant at (P < 0.0001); superscript® =

significant at (0.0001 < P < 0.05)
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Conclusion

This work has provided kinetic information on the dete-
rioration in quality indices of CPO, RCO and blend
(CPO:RPO 1:1 w/w) during deep-fat frying. The study
showed that first-order kinetic model adequately predicted
changes in FFA and PV; while zero-order kinetic model fit-
tingly predicted changes in p-AV, TPC and CI. The rate of
changes in the quality indices of the oils and the activation
energies were well described by the Arrhenius equation.
The study showed that activation energy E, was least for
PV and highest for FFA. The quality of the blend oil sam-
ple (CPO: RCO 1:1 w/w) was not just additive of the quali-
ties of CPO and RCO. The blend had its own character and
was more stable than CPO and RCO. This can be attributed
to the dilution effect of blending which weakened any pro-
oxidant likely present in CPO and induced lag in the oxida-
tion of the blend during frying. The blend oil sample had
altered fatty acid and TAG composition as shown by the IV
of the fresh oil blend that affected the rate of deterioration.
The blend oil sample also benefitted from the combined
effect of reduced double bond strength as saturation level
increased and synergistic radical scavenging activity of
both natural and synthetic antioxidants present in CPO and
RCO. TPC had a significant linear positive correlation with
the other oil quality indices especially p-AV.
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