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Abstract The main objective of this study was to deter-
mine the effect of different frying oils and frying methods
on the formation of frans fatty acids and the oxidative sta-
bility of oils. Sunflower, canola and commercial frying oils,
the most commonly used oils for frying potatoes in the fast
food industry, were used as the frying medium. The value
for total polar compounds was highest when commercial
frying oil was used in the microwave oven (22.5 £ 1.1).
The peroxide value, as an indicator of oil oxidation, was
lowest for microwave oven frying (2.53 &£ 0.03). The K3,
and K, values were 0.41 & 0.04 and 0.18 & 0.02, respec-
tively, for commercial frying oil in the microwave oven.
The lowest free fatty acid content was recorded for the
commercial frying oil used in the deep-fat fryer at 190 °C.
The highest iodine value was measured for sunflower oil
used in the deep-fat fryer (148.14 + 0.07), indicating a
greater degree of unsaturation. The lowest trans fatty acid
value was recorded for sunflower oil in the microwave
oven (0.17 £ 0.05), with a higher overall amount of total
trans fatty acids observed for oils after frying in the electri-
cal deep-fat fryer compared to the microwave. Sunflower
oil was favourable for both frying methods in terms of the
trans fatty acid content.
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Introduction

trans Fatty acids (TFA) are a group of unsaturated fatty
acids that contain one or more isolated, non-conjugated
double bonds in a trans geometric configuration. Consump-
tion of TFA has been associated with an increased risk of
cerebrovascular disease, coronary heart disease, diabetes
and even breast cancer [1-5]. In addition, TFA have been
found to have adverse effects on blood lipids, including
increased LDL cholesterol and decreased HDL cholesterol
concentrations [6]. The presence of TFA in the human diet
is thought to be partly due to hydrogenated oils. Vegeta-
ble oils are hydrogenated to produce a more stable prod-
uct, which usually requires the presence of a metal catalyst
and hydrogen. As a result, the number of double bonds in
unsaturated fatty acids is decreased, also associated with a
conformational conversion from cis to trans to some extent
[6]. Besides hydrogenation, other processes including ther-
mal refining, bleaching and deodorisation can lead to the
formation of trans isomers. Considering the wide use of
thermal-based processes in food, the trans isomerisation of
unsaturated fatty acids gains high significance in these pro-
cesses, and are amongst the most common unsaturated fatty
acids. Furthermore, linolenic acid is considered to be the
fatty acid responsible for the majority of TFA production
[7]. Frying, primarily deep-fat frying, is the most widely
used thermal-based cooking method by food manufactur-
ers, with different vegetable oil sources used as the heat-
ing medium in these processes. Deep-fat frying has been
accepted as a cooking process that increases TFA produc-
tion, in which the formation of TFA is dependent on the
processing conditions applied, including the temperature,
time and oil type and also fatty acid composition of oil and
presence of antioxidants affected formation of TFA [8—12].
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Frying is one of the most widely used food preparation
procedures worldwide. The remarkable popularity of frying
is due to its favourable properties, including a short cook-
ing time, easy handling, low investment cost and attractive
taste and colour of the final product. However, frying and
fried foods are not without fault, and some issues need to
be considered regarding the frying processes. These pri-
marily involve negative changes in the frying oil due to
extreme time-temperature, the high sensitivity of vegetable
oils to thermal effects, effects of intermittent or continuous
heating, the content of fresh oil and the fryer model [9-13].
During the frying process, an edible fat is heated above the
boiling point of water, resulting in food becoming partially
or totally dry. Fat also migrates into the food, accompany-
ing the movement of water out of the food product [14—16].
Thus, deep-fat frying is accepted as a complicated phys-
icochemical process [17—19]. During the frying process, a
number of chemical reactions take place in the oil, includ-
ing hydrolysis, oxidation, cyclisation and polymerisation,
and the resulting products can modify the physical and
chemical characteristics of edible oils, such as the viscos-
ity, fatty acid composition and total polar materials [20].

As mentioned above, both the favourable and adverse
effects of thermal processing is dependent on the tempera-
ture and time pairs applied. Consequently, new techniques
that provide a potential alternative to conventional frying
methods are being investigated in order to overcome these
issues. For frying processes, including deep-fat frying,
microwave technologies are increasingly being considered
as a new technique to improve the quality of processed
foods and the processing medium. The mechanisms under-
lying microwave technologies have been well-documented.
Briefly, heating occurs due to the generation of internal
heat from absorption of energy from the microwave field,
resulting in the generation of internal vapour. An increase
in the internal pressure leads to an acceleration in mass
transfer, and consequently, faster movement of moisture
throughout the frying material compared to that observed
for conventional heating methods [21-23].

In the current study, the effect of the oil type, frying con-
ditions (time and temperature) and frying technique were
investigated in terms of formation of TFA in the frying oil
and the overall product quality. No studies in the literature
have evaluated the microwave-assisted frying (MAF) tech-
niques on both the TFA content and oxidative parameters
of frying oil. Therefore, MAF was compared to commercial
deep-fat frying methods in this study. Different frying oils
and frying techniques were selected to compare the forma-
tion of undesirable oil characteristics. Sunflower, canola
and commercial frying oils were used to determine the
effect of oil type. These oils were chosen as canola and sun-
flower oils represent the preferred frying medium in homes
and the fast food industry, and commercial frying oil was
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included to widen the scope of this study. Several process-
ing conditions were applied for each frying method in order
to compare the effect of temperature on oxidative parame-
ters and TFA content of the oils. Microwave assisted-frying
was also compared to conventional deep-fat frying to deter-
mine differences in product quality parameters.

Materials and Methods
Food Samples

Frozen pre-fried potatoes were purchased from a local mar-
ket (Nimet, Turkey). Frozen potatoes (stored at —18 °C)
were chosen to ensure that samples had been treated under
the same conditions, and to avoid losses in quality attrib-
utes. Samples were stored at —18 °C in a freezer until
frying.

Frying Procedure

Deep-fat frying was carried out using commercially avail-
able electrical deep-fat fryers (DFF) equipped with a ther-
mostat (Remta, Turkey). The fryer had two tanks and the
capacity of each tank was 3 1. Sunflower, canola and com-
mercial frying oils were supplied by Zade Oil Industry
(Konya, Turkey). Commercial frying oil is mainly used in
the fast food industry to fry potatoes and this oil was pro-
duced using palm oil. The fryer utilised was able to control
the oil temperature within £5 °C from the set temperature.
The temperature of the frying oil was set by fryer and also
measured by an infrared thermometer (Testo 830T1). The
oil (2000 ml of sunflower, canola or commercial frying oil)
was heated to 160 or 190 °C, and the potato strips [1:100
(w/v) potato strips:oil remaining in the fryer] were fried
for 4 min, when they had reached a desirable colour and
texture. New batches of potatoes were used for each fry-
ing cycle, with the first batch used to determine the qual-
ity parameters of fried potatoes. Frying was conducted
three times in the same oil at the same temperature. After
each batch, 20 ml of heated oil was obtained from the fryer
to analyse the oil properties, then 20 ml of fresh oil was
added to replace the oil removed, which was left to reach
the desired temperature. Frying was completed after three
frying cycles. The frying oil was renewed after each three
frying cycle to avoid accumulation of any modified oil
products produced during frying, with 2000 ml of fresh oil
added. Oil samples that were collected after the DFF and
MAF frying experiments were maintained at —18 °C under
N, until the analysis. The oil type, frying temperature and
frying cycle were the experimental factors evaluated in the
electrical DFF experiment.
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The MAF procedure was conducted using a domestic
microwave oven (MA3882Q; LG, Korea). Two power lev-
els, 600 and 900 W, were tested in the experiments, which
were determined by the IMPI 2-L test [23]. Microwave fry-
ing was performed using a glass (28 cm in diameter and
5 cm high) container filled with 2000 ml of oil. Firstly, the
room-temperature oil was heated to a temperature depend-
ing on the power level of the microwave oven (600 or
900 W). The potato strips were then placed in the hot oil,
and frying was performed in the microwave at the specified
power and time. The frying and sampling procedure for
microwave frying was kept similar to that used for DFF, in
order to compare the physical properties of the fried potato
and the oxidation parameters of the frying oil. The oil was
replaced after three frying cycles, as also performed for
DFF. In addition to the oil type and microwave power level,
the third variable tested in the experimental design was the
frying cycle for both frying methods. The temperature of
the oil used for MAF was determined to be 127 £ 3 °C at
600 W and 150 £ 4 °C at 900 W. All of the experiments
were carried out in triplicate.

Analysis of Fried Samples
Moisture Content

The fried samples that were collected after the first cycle
were dried in a forced convection oven at 105 & 3 °C until
a constant weight had been reached, in order to determine
the moisture content (MC) [24]. Five potatoes (nearly 25 g)
strips were picked up and dissected by a knife to determi-
nation of MC. Analysis of MC was performed 30 min after
the frying cycle. The MC before and after frying was calcu-
lated, and the moisture loss is presented as a percentage of
the dry weight.

Oil Content

The oil content of the fried samples was determined using a
speed extraction method with n-hexane for 2 h (E06; Behr,
Germany) [25]. Dried potatoes samples were used for oil
content analysis. After extraction samples were dried at
60 °C and weighed. The oil content were calculated on a
dry weight basis.

Texture Profile

The texture of the samples was determined in terms of their
toughness (kg) and work of shear (kg-mm). A extended
craft knife probe was attached to the instrument. Work of
shear and toughness values were obtained by cutting the
potato samples with the knife. The instrument was set to
5 mm/s for cutting the fried samples. Forces (g) vs time (s)

curves were generated with the extended knife probe and
peak value gave toughness value (kg) of samples. Area of
the curve that was calculated by the toughness (kg) and dis-
tance (mm) of potatoes strip till the peak value gave work
of shear (kg-mm) value. The texture parameters of the fried
samples were measured using a texture analyser (TA.XT
Plus; Stable Micro Systems, UK) 15 min after frying at
room temperature.

Colour

The colour parameters of fried potatoes were measured
using a colour reader (CR-400; Konica Minolta, Japan).
The colour measurement was performed 15 min after fry-
ing, and colour readings are expressed as chromaticity
coordinates (L", a" and b"). L", a" and b" values represent
the whiteness-darkness, redness-greenness and blueness-
yellowness of the samples, respectively. Triplicate readings
were carried out at five different locations of each sample,
at room temperature, and the mean value was recorded.

Oil Analysis

Free Fatty Acid Content, Peroxide Value, Specific
Extinction Coefficients, lodine Value, Saponification Value
and Total Polar Compounds

Free fatty acid (FFA) content, peroxide value (PV), spe-
cific extinction coefficients (K,3, and K, value), iodine
value (IV) and saponification value (SV) were determined
according to the methods established by the American Oil
Chemists’” Society (AOCS) (Ca 5a-40, Cd 8-53, Ch 5-91,
Cd 1c-85 and Cd 3b-76, respectively [26]). Measurement
of the total polar compound (TPC) content was deter-
mined using a cooking oil tester (270; Testo Inc., Sparta,
NJ, USA) after potatoes had been removed from the oil.
The oil sampling process was performed after the TPC
measurement.

Methyl Ester Analysis by Gas Chromatography

Methyl esters of the fatty acids and their isomers were
prepared according to IUPAC methods [27], and ana-
lysed using a Shimadzu GC-2010 Plus gas chromatograph
(Kyoto, Japan) equipped with a DB23 column (60 m,
0.25 mm i.d., 0.25 mm film thickness, J&W). The stand-
ards of fatty acid were supplied from Supelco 37 FAME
Mix. The injector, column and detector temperatures were
set to 230, 190 and 240 °C, respectively. The split ratio was
1:80, and the carrier gas was helium at a flow rate of 1 ml/
min.
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Statistical Analysis

Each of the frying experiments was replicated three times
under each experimental condition. The data obtained from
analysis were evaluated by analysis of variance (ANOVA)
to determine any significant differences between the oil
type, frying method, frying temperature or frying power on
the quality parameters of fried potatoes and oil parameters,
with p < 00.05 considered statistically significant (Minitab
17.0). The parameters were compared using Tukey’s test
(SPSS 15.0).

Results and Discussion
Fried Potato Results
Moisture Content

The initial MC of frozen potatoes was found to be
72.91 £+ 1.34% on a wet basis, and a remarkable change
was observed when they were fried. The change in MC of
fried potatoes depended on both the processing conditions
and the type of oil. Statistical analysis indicated that the
frying temperature, microwave power and oil type signifi-
cantly affected the MC of fried potatoes (p < 0.05). When
canola oil was used in DFF no difference was observed
between moisture loss at 160 and 190 °C (Fig. 1). Regard-
less of oil type, the MC of fried potatoes decreased with
increasing frying temperature for the DFF technique,
whereas there was a negative influence of microwave power
in MAF, as moisture movement throughout the frying pota-
toes at 900 W was reduced when compared to those fried
at 600 W (Fig. 1). This favourable effect of reduced fry-
ing temperature on moisture removal from potato sam-
ples could be attributed to the heat transfer mechanism
that occurs during frying. Frying at higher temperatures
increases the temperature difference between the heating
medium and frying material, and as a result, higher trans-
fer of heat energy occurs. Higher heat energy means greater
evaporation of water from the solid matrix during the fry-
ing process, which enhances the reduction in water content.
Similar results have been reported in the literature [16, 28].
Moisture evaporation is an important quality parameter
and it will also lead to shrinkage and surface porosity and
roughness of fried food samples [28]. On the other hand,
microwave power had an adverse effect on the formation
of a crust surrounding the material, which acts as a barrier
against the loss of moisture. It is well-known that heating
not only occurs by convection and conduction mechanisms
of energy transfer, but also by heat generation throughout
the whole solid, due to the dipolar moment of polar com-
pounds, like water molecules. A sudden increase in the
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Fig. 1 Moisture loss of fried potatoes. “Statistical lettering was eval-
uated in each oil separately

temperature of layers closer to the outer surface likely
accelerates water evaporation and removal, resulting in the
formation of a stronger crust which further limits mois-
ture transfer from the internal layers to the outer surface
of frying potatoes. The percentage moisture loss from fry-
ing potatoes was found to be highest when the commercial
frying oil was used as the heating medium, with sunflower
oil ranked second. The lowest change in MC was observed
when canola oil was used as the frying medium (Fig. 1).
The highest reduction in the MC of fried potatoes (~60% of
initial content) was observed when they were fried in com-
mercial frying oil by MAF at 600 W (Fig. 1). The influence
of oil type on the MC of fried potato samples may be asso-
ciated with the physical properties of the oil, such as the
viscosity, specific heat and surface tension, as the physi-
cal properties are important determining characteristics for
heat and mass transfers that occur during this process. The
highest moisture removal was achieved in MAF.

Texture

The effects of the different frying methods (DFF and
MAF), related parameters (temperature for DFF and
power for MAF), and the three types of oil (sunflower,
canola and commercial frying oil) on the texture of
fried potatoes was examined in terms of work of shear
(kg-mm) and toughness (kg). After frying, samples
were cut using the knife probe to investigate the exter-
nal crust and internal structural properties of fried pota-
toes. The average work of shear value for potatoes fried
by DFF in three types of oil increased with increasing
temperature from 2.65 £ 0.16 to 2.95 £+ 0.10 kg-mm
when fried at 160 and 190 °C, respectively (Fig. 2a).
Similarly, increasing the microwave power caused an
increase from 2.04 + 0.09 kg-mm (frying at 600 W) to
2.50 £ 0.83 kg-mm (frying at 900 W) for MAF (Fig. 2b).
The increased work of shear value gives an indication of
the internal properties of samples, such as the MC. The
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Fig. 2 Texture properties of fried potatoes (a: toughness vs frying
conditions; b: work of shear vs frying conditions). “Statistical letter-
ing was evaluated in each oil separately

microwave power level of MAF and the fryer type sig-
nificantly affected (p < 0.05) the work of shear value for
the fried potatoes. In addition, significant changes were
observed in DFF for sunflower oil and in MAF for canola
and frying oil (p < 0.05) (Fig. 2a). The highest tough-
ness value (0.92 £ 0.16 kg) was measured for the sample
fried by MAF at 900 W in commercial frying oil, indicat-
ing that this sample would be harder to cut with a knife.
When the toughness values of potatoes cooked by the
two frying methods were compared, the mean toughness
value of three frying medium from MAF (0.72 £ 0.16 kg)
was slightly higher than DFF (0.69 £ 0.17 kg). Overall,
harder fried potato samples were obtained by increasing

the frying process parameters. These results are consist-
ent with a previous study that investigated changes in
potato texture, which reported the formation of harder
samples at higher frying temperatures [29].

Colour

In this study, the colour parameters of fried potatoes were
determined in addition to their textural properties in order
to further evaluate the quality parameters of the fried sam-
ples. Colour is an important factor for consumer acceptance
of fried potatoes, and this parameter can be controlled by
using specific processing conditions. The colour parameters
of fried potatoes are presented in Table 1. Higher bright-
ness values were obtained for samples fried in sunflower oil
in a commercial DFF. The temperature of the DFF and fry-
ing type both affected the L"and a” values of fried potatoes,
however, the b value was only altered by the frying tem-
perature (p < 0.05). Similar ¢” and b" values were measured
for potato strips fried in the three oils and for both fryer
types tested (MAF and DFF). The highest a* value meas-
ured was —0.58 £ 0.02 for potatoes fried in commercial
frying oil using DFF at 190 °C. The higher frying tempera-
ture resulted in a darker potato sample (low L values) due
to non-enzymatic reactions. Fried potatoes are an example
of a food whose consumer appreciation is affected by its
colour parameters. Baik and Mittal [30] studied the qual-
ity parameters of fried potatoes, and reported that frying at
higher temperatures or for longer periods of time resulted
in products with a harder crust and a darker brown colour.
The change in quality parameters of fried products in the
present study, specifically the values obtained for texture
and colour parameters, are consistent with those reported in
the literature [31].

Tﬁﬁlble 1 Color parameters of Oil type Fryer type  Temp.-power L' a b
fried potatoes from DFF (A)
and MAF (B) Sunflower A 160 °C 7432 £3.12° —2324£041° 2230 £ 4.78°
190 °C 69.25 £2.650  —146+£025" 4270 £ 8.56°
B 600 W 73.57 + 6.56* —4.44045  29.05 £ 4.12%
900 W 7158 £7.12°  —4.08£0.56  30.20 £ 5.14%P
Canola A 160 °C 73244298  —3.84+089°  23.93 +5.64
190 °C 64.76 £554°  —1.67+£047°  31.65 £ 7.89
B 600 W 68.98 £5.87°  —3.93+£041*° 2292 4+ 4.547
900 W 67.37 £8.63*  —391+£043"  32.66 £ 531°
Commercial frying A 160 °C 68.34 + 6.68°  —3.88 £ 0.57* 276 £ 0.51°
190 °C 7223 +£6.82°  —0.58+£0.02" 3239 £ 6.45°
B 600 W 67.63+£ 7870 —452+£038 1054 £2.1°
900W 71.49 £ 8.1° —4.46 £+ 0.36° 23.8 +3.78"

* Statistical lettering was evaluated in each oil separately
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Oil Uptake

The oil content of potatoes prior to frying was
9.26 4 0.72% on a dry basis, as the frozen potato strips had
been partially fried before freezing during the manufactur-
ing process. The oil content of fried potatoes is shown in
Fig. 3. The oil absorption of samples increased with fry-
ing temperature and microwave power. The maximum oil
content measured was 27.03 £ 1.7% db for potatoes fried
in canola oil by MAF at 900 W, with the lowest oil content
(11.65 £ 0.56% db) observed for the frying oil at 600 W. In
addition, microwave frying was associated with decreased
oil uptake (17.96 £+ 1.48% db) compared to commercial
DFF (22.02 £ 1.54% db), determined by the mean oil con-
tent of fried potatoes that had been fried in three different

u Sunflower Oil Canola Oil

® Frying Oil

Oil (Dry basis %)

160°C 190°C 600 W 900 W

Frying Temperature Microwave Power

Fig. 3 Oil content of fried potatoes in different oils and frying meth-
ods. "Statistical lettering was determined for each oil separately

oils and at two power/temperature levels. All of the evalu-
ated factors hardly affected the oil content of potato sam-
ples (p < 0.05). Previous studies by Krokida et al. [32] and
Southern et al. [33] observed that higher frying tempera-
tures increased the oil content of the samples. Oil tends to
replace water inside the product, as shrinkage of the prod-
uct during frying is incomplete. Furthermore, the adhered
oil is forced into the chips when they are removed from the
fryer due to the vacuum produced by the condensation of
steam.

Oil Results
Total Polar Compounds

Polar degradation products were produced during DFF
processing through hydrolysis, oxidation and polymeri-
sation. The values of TPC obtained for the different oils
are shown in Table 2. TPC increased in all three oils with
higher frying temperature and microwave power for DFF
and MAF, respectively. The formation of polar compounds
in these three oils, indicating oil deterioration, is strongly
related with the primary and secondary oxidation pro-
cesses that take place during frying. The highest increase
(200%) and highest TPC value was observed in commer-
cial frying oil using MAF at 600 W (22.5 + 0.4%). The
lowest increase in TPC was measured for sunflower oil
using DFF at 160 °C (33.3 & 2.0%), therefore, sunflower

Table 2 Change of total polar
compounds (TPC) of different
oils

& springer AOCS &

Fryer type Oil type Total polar compound (%)
Initial Ist Frying  2nd Frying  3rd Frying  Increases (%)
Electrical deep fat fryer ~ Sunflower oil
160°C 9.0+£02 100£+02 11.0+0.1 120+03 33.3+0.2%
190°C 9.0+02 100£02 120£02 125+03 389+02°
Canola oil
160°C 45+0.1 85+03 9.0£0.3 100+ 04 1222 +£0.3%
190°C 65+02 85+04 100+£03 135403 107.7+£0.3°
C. Frying oil
160°C 9.0+03 95+03 100+03 105+03 16.7+0.3*
190°C 6.0+0.1 7.5+0.1 85+03 9.0+ 04 50.0 £ 0.2°
Microwave oven Sunflower oil
600W 954+04 13.0+£02 154+03 165+ 04 73.7+0.3°
900W 95+£05 120+£04 145403 185+04 9474039
Canola oil
600W 65+03 95+03 12+03 155+03 1384 +£0.3¢
900W 6.0+05 80x04 85+04 100+ 0.5  66.6 + 0.6°
C. Frying oil
600W 75+03 140+04 1754+04 225404 200.0+04°
900W 7.0£05 12.0+£05 135404 185405 164.3+04¢

* Statistical lettering was evaluated in each oil separately
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oil is favourable in terms of TPC. Guillen and Uriarte [34]
previously reported that the percentage of TPC in sun-
flower oil increases linearly during frying under the same
conditions. The frying parameters evaluated in the current
study were found to be important for increasing the TPC
content of oils (p < 0.05). Firestone et al. [35] reported
an increase in the TPC content of frying oil by 200% as
a result of microwave frying. The acceptable standard for
TPC of this study is below 25%, according to guidelines
established by European Countries [36].

Peroxide Value (PV)

The PV is indicative of the initial stage of oxidation, and
measures the primary oxidation products. According to the
Turkish Codex Standards, the PV of vegetable oil should not
exceed 10 mequiv O,/kg [37]. Freshly refined oils usually
have a PV lower than 1 mequiv/kg oil, with oil considered to
be rancid when the PV is above 10 mequiv/kg oil [38]. Sulie-
man et al. [39] reported that a good quality vegetable oil for
frying should have PV less than 2 mequiv/kg oil. The PV of
the three types of oil used under different frying conditions
are shown in Table 3. The initial PV of sunflower, canola and
commercial frying oils were determined to be 5.99 & 0.22,
1.79 £ 0.09 and 2.13 £ 0.15 mequiv O,/kg, respectively.
Considering these initial PV, there was a clear increase in PV
for all samples after frying, regardless of the oil type, frying
method or temperature. The results indicated that the oil type,
fryer type, frying temperature and microwave power level all
significantly affected the PV of oil samples (p < 0.05). The
highest PV measured was 9.65 £ 0.13 mequiv O,/kg in sun-
flower oil after the first cycle of MAF at 600 W. Lower PV
was observed for the commercial frying oil with the micro-
wave oven, with the minimum value of 2.54 £ 0.03 mequiv
O,/kg oil obtained after the second cycle of MAF at 600 W.
Urbancic et al. [40] reported an initial sunflower oil PV of
1.21 mequiv/kg oil, which increased with frying time. The
lowest mean PV (4.60 & 0.13 mequiv O,/kg oil) was meas-
ured in commercial frying oil when MAF was used. Naz
et al. [41] reported that deep frying French fries at 180 °C
caused an increase in the PV of some vegetable oils. An
increased PV of the frying medium was expected in the
current study. Hydroperoxides are transient chemical com-
pounds, which despite being related to the oxidative status
of vegetable oils, are not always directly correlated with
sample oxidation, especially for heated samples. This may
explain the absence of a correlation between the number of
frying cycles and the PV of fried potatoes. Furthermore, the
decomposition of hydroperoxides is known to increase with
increasing temperature.

Specific Extinction Coefficients (K3, and K,7,)

The ultraviolet spectrophotometric analysis, expressed
as the specific extinction coefficients K,;, and K,,
indicates the oil oxidation status by providing informa-
tion on the quality, preservation state and/or changes
brought about by the technological processes. The K3,
value is associated with the formation of conjugated
dienes of polyunsaturated fatty acids, while the K,
value is indicative of the presence of primary and second-
ary oxidation products, including conjugated trienes and
carbonyl compounds. The K,3, and K,, values for sun-
flower, canola and commercial frying oils before frying
were 2.07 £ 0.18, 1.41 £ 0.12 and 0.84 =+ 0.10 for K,s,,
and 0.81 £ 0.11, 0.30 £ 0.09 and 0.22 % 0.09 for K,
respectively. The K,;, values of sunflower oil increased
by >20% after it had been used for MAF (Table 3). The
K,3, values measured for the commercial frying oil were
lower than those measured for the other oil types tested,
regardless of the fryer type or processing conditions. K,
values of sunflower oil were greater than those measured
for the other oil types, especially for MAF. The lowest
values of K,,, and K,3, observed were 0.17 & 0.05 and
0.41 £ 0.02 in the commercial frying oil after the third
cycle of frying in a microwave oven at 600 W. Casal et
al. [42] reported an increase in K,3, values in olive oil
after frying, which remained within the legislation limits
(Annexes II and IX of the European Community Regu-
lation EEC/2568/91). Statistical comparison was per-
formed to determine the differences between K,;, and
K50 values of oils with different processing conditions
(temperature or power level), fryer type and oil type. The
results showed that each of these parameters significantly
affected the K3, values, but only the oil type was signifi-
cant for the K,,, values (p < 00.05).

Saponification Value (SV)

The SV is an index of the average molecular mass of
fatty acids in the oil sample. For fresh sunflower, canola
and commercial frying oils, the SV were determined to
be 189.99 £ 2.01, 187.28 £ 3.89 and 193.82 + 4.10,
respectively. The oil type and fryer type were found to
significantly affect the SV of oils after frying (p < 0.05).
The lowest SV value was 184.66 £+ 1.85, measured in
commercial frying oil after the third frying cycle in the
microwave oven at 900 W (Table 3). This higher SV sug-
gests that the mean molecular weight of fatty acids was
lower. This potentially suggests that the fat molecules did
not interact with each other [43].
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930

J Am Oil Chem Soc (2017) 94:923-934

Table 3 Peroxide value (PV), saponification value (SV), specific extinction at 232 nm and 270 nm, free fatty acid (in terms of oleic acid, FFA)

and iodine value (IV) of different oils after frying

Oil type  Temp Frying PV (mequiv SV K>3, K570 FFA (%, oleic IV
(°C)or  run 0O,/kg) acid)
power
(W)

Sun- 160°C  1st 7.59 £ 0.10f 231.81 +£1.85°  1.67 +0.00*° 70.71 £0.69"  0.17 £0.01*  148.13 £ 0.07*

flower j60°c  2nd 8.65 + 0.26¢ 238.35 + 3.70" 1.80 % 0.00*° 83.17£0.79¢  0.17 £0.01>¢  129.27 £ 0.04*

160°C  3rd 322 4£00.00%¢ 23508 £2.77°  1.32 4 0.00*° 5277 £0.52°  0.19 +£0.01°¢  128.94 £ 0.05
190°C st 6.95 4 0.31° 23475+ 4.16° 191 +0.00*° 83.70 £ 0.81° 02240.01°  129.17 & 0.09*
190°C  2nd 9.30 + 0.07° 239.66 + 1.85"° 191 +0.40*" 7592 +£0.78°  0.17 £ 0.00° 129.44 4 0.04*
190°C  3rd 575402599  23835+3.70°  2.56 4 1.86° 104.62 £+ 10.02° 0.14 £0.01>°  129.51 & 0.09*
600W st 9.65 £ 0.13f 227.87 +£1.85*  2.02+0.13*° 0.87 +£0.01*  0.40 4 0.01>°  129.33 + 0.65
600W  2nd 5.15+£0.14%9  239.66 + 1.85*  2.85 4 0.56*° 0.96 +0.01% 0.14 4 0.04>  129.38 + 0.25
600W  3rd 9.42 +0.41° 23639 £2.77* 226 +0.25° 1.00 £0.01*  0.17 £0.00>  129.28 + 0.45
900W st 5.20 + 0.25 23442 +1.85*  2.24 +0.08*° 1.03 £0.03*  0.17 £ 00.04°  129.40 + 0.07*
900W  2nd 56440239 23770 £4.63*  2.16 £ 0.13%P 1.01 £0.30*  0.17 + 0.00° 129.18 + 0.28"
900W  3rd 9.49 +0.14> 22787+ 1.85" 191 4+ 0.05 0.87 £0.02*  0.17+0.01°  129.44 + 0.09

Canola  160°C st 8.57 + 0.16° 238.35+3.70*°  1.56 + 0.00 42574+ 040° 020+ 0.01*°  108.65 = 0.94°
160°C  2nd 5.90 + 0.53¢ 24294 4+2.77° 123 + 0.00% 27.67 £029° 023 +0.01*®  108.53 + 0.86"
160°C  3rd 5.10 £ 0.07* 239.01 £4.63**  1.34 + 0.00° 28.71 £0.30°  0.25+0.01>  108.28 & 0.99*
190°C st 3.85 £ 0.29¢ 23573 £3.70**  1.23 + 0.00° 26.03 £0.27°  0.28 4 0.01° 108.43 £ 0.75*
190°C  2nd 7.69+£0.77%  23835+3.70°  1.17 + 0.00° 22.56 £0.25¢  0.28 £0.10%°  108.43 & 0.94*
190°C  3rd 537 £0.16° 239.01 £2.77°  1.30 + 1.32° 2625+ 029" 024 +0.02¢  107.16 = 0.86*
600W st 9.34 £+ 047° 185.97 +£1.85* 130 £ 0.05 031+0.01* 0254004  108.63 &+ 0.91°
600 W  2nd 5.27 £ 0.07° 189.24 £2.77°  1.50 £ 0.05" 034+ 0.01* 0254+004*  108.44 + 0.89°
600W  3rd 7.36 + 0.08° 18531 £2.77**  1.36 £ 00.05 031+0.01* 0254004  108.14 + 0.78"
900W st 2.84 £ 0.09° 190.55 £ 2.77%°  1.64 4 0.18" 0.394£0.01* 028 £0.01*®>  108.49 + 0.69°
900W  2nd 5.34 4 0.04° 185.97 £3.70°  1.55 £ 0.16% 0.65+0.01* 028 +0.01*®>  108.70 £ 0.98°
900W  3rd 4.62 £ 0.06° 189.89 4+ 1.85*  0.98 £ 0.16 0.26 +0.01*  0.42+0.04*®  108.30 + 0.87°

Frying  160°C  Ist 7.06 £ 0.27° 185.97 £3.70°  1.12 £ 0.00°¢ 29.254+0.27°  0.11 &+ 0.0° 56.85 + 0.02¢
160°C  2nd 6.74 £ 0.58" 185.31 +£0.92*  1.08 + 0.00°¢ 2845+ 028"  0.17+0.01° 58314 0.02
160°C  3rd 5.16 £ 0.07° 187.93 £2.78*  1.08 £ 0.00°¢ 3451 +£033"  0.17+0.01°  58.16 £ 0.01°
190°C  1st 6.85 £ 0.12f 187.93 £2.78*  1.11 £ 0.00°¢ 2749 +0.26° 0.13+0.05>  57.40 + 0.04¢
190°C  2nd 4.95 +0.03° 186.62 £2.77*  0.95 £ 0.10P¢ 2526 +£025° 0.14+0.01° 5090 + 0.25
190°C  3rd 416+ 042°¢ 18859 £5.55  0.854+ 10.03¢ 27.02+£026° 0.17+0.01°  57.4140.01°
600W st 2.88 + 0.04%° 187.28 + 1.85*  0.84 & 0.00*"¢ 02240.01* 02240019 59.70+031"
600W  2nd 2.54 +0.03° 186.62 £2.77* 091 £ 0.03%¢ 02240.01* 022+0.019  57.5140.07°
600W  3rd 473 £0.19% 18924 £2.77*  0.41 +0.04° 0.17£0.02*  0.17 £0.01°  59.09+0.12¢
900W st 7.15 +£0.17° 189.24 +4.63*  0.73 £ 0.05° 0.18 £0.01* 0.22+0.019  56.26 & 0.35°
900W  2nd 6.73 £ 0.11° 186.62 +£2.78*  0.77 £ 0.01*° 0.194+0.01* 0244002  552040.15"
900W  3rd 3.57 £0.25%¢ 184.66 & 1.85  0.96 £ 0.12°¢ 02140.01* 02240019 55354023

Statistical lettering was determined for each oil and specifications

Free Fatty Acid Content

The FFA content of fresh sunflower, canola and frying oils
were 0.22 + 0.05, 0.23 £ 0.04 and 0.11 £ 0.04%, respec-
tively, for oleic acid. The mean FFA content of each oil
type was calculated for the three frying cycles under the
specified processing conditions, with the highest and lowest

& springer AOCS &

mean values of 0.41 & 0.00 and 0.11 £ 0.00% observed
for sunflower oil and commercial frying oil, respectively
(Table 3). The TPC and FFA values are related, therefore,
the results for TPC supported the FFA results. The oil type,
frying temperature, microwave power and fryer type were
found to significantly affect the FFA content (p < 0.05),
however, there was no significant change in the FFA
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content of sunflower oil, and this value was only slightly
increased for canola and commercial frying oil used in
DFF. Although the initial value for fatty acid content was
almost the same as that measured for sunflower oil before
frying, there was an increase in the FFA content of canola
oil after frying. Lower values were observed for sunflower
oil after MAF compared to DFF, but higher values were
obtained for the commercial frying oil and canola oil used
in MAF (Table 3). These results suggest that sunflower oil
is appropriate for MAF in terms of the FFA content.

lodine Value (1V)

The IV measures the degree of unsaturation in fat or veg-
etable oil. It represents the stability of oil against oxida-
tion, and allows the overall unsaturation of fats to be quali-
tatively determined [44]. The IV for sunflower, canola
and frying oils were 128.89 £ 0.05, 110.13 £ 0.95 and
56.13 £ 0.51, respectively. These low IVs may have con-
tributed to its greater oxidative storage stability. Table 3
shows the IV of the different frying oils. The lowest IV
was 50.90 £ 0.25, observed for the commercial frying oil
used for frying at 190 °C in the DFF. On the other hand, the
highest IV was recorded as 148.14 £ 0.078 in sunflower oil
at 160 °C in the DFF. The IVs obtained are consistent with
the FFA results. The oxidative and chemical changes in oils
during storage are characterised by an increase in FFA con-
tent and a decrease in the total unsaturation of oils [45].

Total trans Fatty Acids and Fatty Acid Composition

The detailed fatty acid composition of the oils prior to
frying and after frying is presented in Table 4. The TFA
detected in fried oils were elaidic acid (18:1¢), linoelaidic
acid (18:2¢) and linolenic acid (18:37). Linoelaidic acid
(18:2¢) comprised between 50 and 90% TFA for the three
types of vegetable oils. The fatty acid peaks obtained from
gas chromatography of canola oil are shown in Fig. 4. The
TFA content of commercial frying oil was higher than the
other oil types, with the lowest value (0.0836%) measured
in sunflower oil (Table 4). TFA decreased in sunflower
oil used for frying at 160 °C (or 600 W), whereas it was
increased at 190 °C (or 900 W) for both frying methods.
When canola oil was used, the total TFA values were sim-
ilar for the two frying procedures. The highest TFA con-
tent for canola oil was 0.4618% after the third frying cycle
by MAF at 600 W. For canola oil, increased TFA were
observed after the third frying cycle for both methods, how-
ever, a similar increase was only measured for sunflower
oil after the third frying cycle using the microwave fry-
ing method. Similar total TFA values were obtained from
both frying methods for commercial frying oil, and results
were not affected by the frying temperature or microwave

& springer AOCS &

power. Thermal oxidation explains the increase in total
TFA values, in addition to the frying time and presence
of oxygen. In previous studies that have evaluated the fry-
ing of potatoes, an increased TFA content was observed in
soybean and vanaspati oils with increasing frying time and
temperature [46, 47]. A decrease in the level of total TFA
was observed in sunflower oil used for DFF at 160 °C. This
decrease is likely due to breaking of the fatty acid chains
and degradation of the chain structure. The abundance of
trans linoleic acids in sunflower oil has also been reported
previously [48]. The fatty acid composition of fresh sun-
flower, canola and commercial frying oils are also shown in
Table 4. Sunflower oil showed a much lower value for total
TFA compared to the other oil types. One of the reasons for
this difference was related to the initial TFA content of sun-
flower oil, as the TFA value was decreased after frying. The
total TFA content was decreased by 8.47% in sunflower
oil after frying, whereas an increase was observed for both
canola and commercial frying oils. The highest increase
in TFA content observed was 69.05% for canola oil and
22.78% for commercial frying oil.

Frying altered the fatty acid composition of oils, which
was affected by both the frying temperature and time.
Table 4 shows the change in fatty acid composition for the
different frying temperatures, oils and frying methods. The
oleic acid content of sunflower oil increased with frying
temperature and microwave power, but no other important
changes were observed in the other oil types. The con-
tent of linoleic acid in the frying oil increased after MAF
due to oil oxidation, which occurred due to the heat in the
microwave oven. The monounsaturated fatty acid (MUFA)
content of canola oil was higher than the other oils, within
the meaning of unused oils, despite sunflower oil contain-
ing the highest polyunsaturated fatty acid (PUFA) con-
tent (Table 4). While the MUFA content of sunflower oil
decreased after frying (5.90%), this value was increased
in canola oil (5.21%) and commercial frying oil (14.42%).
The PUFA content of canola oil decreased (9.97%) after
frying, but was increased in the other oils. The sum of
MUFA and PUFA gives the total unsaturated fatty acid
(UFA) content of the oils, which was found to be lowest
in the commercial frying oil, accompanied by the highest
saturated fatty acid (SFA) content (44.26%), due to the fry-
ing process.

Conclusion

The two frying methods (DFF and MAF), two frying tem-
peratures (160 and 190 °C in DFF, 600 and 900 W in MAF)
and three types of oil used as the frying medium (sunflower,
canola and commercial frying oil) were used to determine
the total TFA content and other oxidative parameters of oils
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for frying. The quality parameters of fried potatoes were
also evaluated in terms of the frying conditions and oil
type. Commercial frying oil was found to have the high-
est amount of total TFA, with the lowest value obtained for
sunflower oil. In general, higher total TFA were observed
for DFF compared to MAF for the same type of oil. There-
fore, MAF may be a favourable process in terms of total
TFA production. In addition, sunflower oil appeared to
be the best oil for both frying techniques. The toughness
of MAF samples, indicating the hardness, was found to
be greater than those fried by DFF. The MC was found to
decrease with increasing microwave power, however, both
the TPC and oil uptake of potatoes increased. Darker fried
potato samples were obtained using all frying parameters.
Higher PV was observed for DFF compared to MAF, and
the highest PV was measured in sunflower oil. The SV and
FFA content of canola oil was also higher than the other oil
types. Specific extinction values at 232 and 270 nm were
highest in sunflower oil, which also presented the highest
IV. The SFA content of commercial frying oil was higher
than the other oil types. A slow and also less homogene-
ous heating process resulting from the use of conventional
heating methods is considerably more aggressive than a
fast homogeneous heating process in a microwave oven at
higher powers. Using a microwave oven for frying in the
home offers a safe and fast alternative method to the usual
process. In addition, process conditions can be improved in
terms of quality of final product and oxidative stability and
formation of TFA in the frying oil.
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