
GRASAS Y ACEITES 73 (1)
January-March 2022, e446

ISSN-L: 0017-3495
https://doi.org/10.3989/gya.1126202

The effects of electrical and ultrasonic pretreatments on the 
moisture, oil content, color, texture, sensory properties and 

energy consumption of microwave-fried zucchini slices

A. Rayman Ergün

Ege University, Engineering Faculty, Food Engineering Department, Bornova, 35100, İzmir, Turkey
Correspondence: ahsenrayman@hotmail.com

Submitted: 16 September 2020; Accepted: 06 November 2020; Published online: 30 March 2022

SUMMARY: In this study, the effects of a moderate electrical field application and two different blanching methods (conventional and 
ultrasound) on the frying (deep-frying in oil at 180 °C for 6 minutes and compared to the microwave (400W)) of zucchini slices were 
investigated. Microwave-fried samples presented a lower moisture content than deep fried ones. The moderate electrical field signifi-
cantly reduced the oil content before the microwave frying. Greenness (–a*), which is important for the zucchini samples, was found at 
its best (-3.25) in the combination group of moderate electrical field pre-treated, ultrasound blanched, and microwave fried. Gumminess, 
cohesiveness, and fracturability of the zucchini slices decreased while chewiness, springiness, and resilience increased after microwave 
frying. The scores of the sensory test were higher for the ultrasonic blanching and microwave fried sample groups. Besides, these elec-
trical methods were found more advantageous in terms of energy consumption.
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RESUMEN: Efecto de pretratamientos eléctricos y ultrasónicos sobre la humedad, el contenido de aceite, color, textura, propiedades 
sensoriales y consumo de energía de rodajas de calabacín frito en microondas. En este estudio se investigaron los efectos de una apli-
cación moderada en el campo eléctrico y dos métodos diferentes de escaldado (convencional y ultrasonido) en la fritura (fritura en aceite 
a 180 °C durante 6 minutos y comparada con el microondas (400W)) de virutas de calabacín. Las muestras fritas en microondas presen-
taron un menor contenido de humedad que las de fritura clásica. El campo eléctrico moderado redujo significativamente el contenido de 
aceite antes de la fritura en microondas. El color verde (–a*) que es importante para las muestras de calabacín se encontró como máximo 
(-3.25) en el grupo combinado de campo eléctrico moderado pretratado, ultrasonido blanqueado, y frito con microondas. La gomosidad, 
la cohesividad y la fragilidad de las rodajas de calabacín disminuyeron, mientras que la masticación, elasticidad y resiliencia aumentaron 
después de freír con microondas. Las valoraciones sensoriales fueron más altas en los grupos de muestras de blanqueo ultrasónico y frito 
con microondas. Además, estos métodos eléctricos fueron más ventajosos desde el punto de vista del consumo de energía.

PALABRAS CLAVE: Calabacín; Campo eléctrico moderado; Freir; Microondas; Textura.

Citation/Cómo citar este artículo: Rayman-Ergün A. 2022. The effects of electrical and ultrasonic pretreatments on the moisture, oil 
content, color, texture, sensory properties and energy consumption of microwave-fried zucchini slices. Grasas Aceites 73 (1), e446. 
https://doi.org/10.3989/gya.1126202

Copyright: ©2022 CSIC. This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International 
(CC BY 4.0) License. 

https://doi.org/10.3989/gya.1126202
https://orcid.org/0000-0003-0943-1950
mailto:ahsenrayman@hotmail.com
https://doi.org/10.3989/gya.1126202


2 • A. Rayman Ergün

Grasas y Aceites 73 (1), January-March 2022, e446. ISSN-L: 0017-3495. https://doi.org/10.3989/gya.1126202

1. INTRODUCTION

Frying technology has a wide range of applica-
tion in the food industry, such as the production of 
french fries, vegetable chips, especially potato, meat 
products, including meatballs, chicken products like 
fingers or nuggets, mozzarella and onion rings, some 
seafood products such as fish fillets and it is also ap-
plied to bakery products. These products used to be 
consumed a lot due to their attractive textural prop-
erties, but conscientious consumers reduced their 
daily intake because these types of products are rich 
in oil (Barutçu et al., 2009; Shaker, 2015; Su et al., 
2016) and have a high risk of acrylamide formation 
(Jung et al., 2003; Gökmen et al., 2006; Tuta et al., 
2010). For these reasons, the studies were focused on 
the novel methods to decrease the oil absorption or 
processing time by frying under vacuum (Fan et al., 
2005; Moreira et al. 2009; Troncoso et al. 2009; Due-
ik et al., 2010) or frying with microwave (Öztop et al., 
2007; Su et al., 2016; Aydınkaptan and Mazı, 2017) 
and or pulsed electric field (PEF) pre-treatments (Liu 
et al. 2007; Jonasitz et al., 2011; Fauster et al., 2018).

Electric field application was advantageous to fried 
potato production in terms of structure and oil intake 
(Jonasitz et al., 2011). Liu et al. (2017) investigated 
the pre-treatment of the pulsed electric field (PEF) 
on frying and reported a membrane permeabilization 
effect on the vegetables and enhancing effect on the 
preferable textural properties, along with a beneficial 
impact on enhanced mass transfer (Ignat et al., 2015). 
Electric field procures cell wall permeability, the sof-
tening of tissues, and pore formation (Ngadi et al., 
2003; Lebovka et al., 2004; Rayman et al., 2011). It 
helps to transfer water to the surface, so the drying be-
comes faster in vegetable slices (Çakmak et al., 2016) 
or moves the nutritive components during processing 
(Bazhal and Vorobiev, 2000). Moderate electric field 
(MEF) is an electroporation technique. Electropora-
tion occurs through the formation of pores and, which 
increases the permeability of biological membranes; 
therefore, the natural osmotic balance inside and out-
side the plant cells is disturbed. That affects the elec-
trical, thermal, diffusion and, rheological properties of 
plant tissues and increases internal diffusion process-
es and moisture removal from cell vacuoles (Ngadi et 
al., 2003; Rayman et al., 2011).

In recent studies, microwave frying was often 
used alternatively to deep frying, as Gharachorloo et 
al. (2010) mentioned. In general, previous research 

determined that the microwave process has the ad-
vantages of increasing the moisture evaporation rate 
and uniform heating, decreasing the oil content, im-
proving crispness and protecting the color of fried 
foods (Sham et al., 2001; Su et al., 2016; Al Faruq 
et al., 2019; Sun et al., 2019). Removal of water re-
quires less time than traditional frying because the 
internal heat generation occurs after microwave en-
ergy, causing water to boil within the food (Barutçu 
et al., 2009). 

Ultrasound also produces the same results by 
cavitation and sponge effects; moisture remov-
al improves during dehydration (Rodrigues et al., 
2008). Al Faruq et al. (2019), who studied ultra-
sound and microwave combined with the frying 
of apple slices, found a significant reduction in 
the oil uptake after ultrasound treatment compared 
to microwave frying. Improvements in crispiness 
and color were also detected. Similar results were 
found by Su et al. (2018) for potato chips. They 
found that ultrasound reduced the oil uptake and 
improved the color after ultrasound-assisted micro-
wave frying. In another research, the ultrasound and 
microwave -assisted vacuum frying of mushroom 
chips were studied, which accelerated the frying 
rate; oil uptake was reduced, and texture and color 
properties were improved using this method (Devi 
et al., 2018). Similarly, Huang et al. (2018) applied 
microwave and ultrasound in the frying process of 
pumpkin chips, and reported a synergistic effect in 
promoting the quality parameters. In addition to 
these studies, Sunsano et al. (2018) researched the 
acrylamide reduction during the microwave frying 
of French fries. They determined that the acryla-
mide content was less than 100 μg/kg on a weight 
basis (wb) after microwave frying. 

Blanching before frying also improves the pro-
cess. Blanching affects plant material cells and in-
creases moisture removal at the beginning stage of 
the frying process, thus maintaining color and inac-
tivating enzymes. Blanching also removes air from 
the sample, which facilitates heat transfer afterward. 
Ignat et al. (2015) reported the blanching treatment 
as a critical stage in the frying process. Troncoso et 
al. (2009) specified the effect of blanching on pro-
tecting the color and texture by preventing oil ab-
sorption. Fan et al. (2005) blanched the carrots prior 
to frying to protect their color. Similarly, pumpkin 
slices were blanched before ultrasound-assisted mi-
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crowave vacuum frying (Huang et al., 2018). It was 
also reported by Belkova et al. (2018) that pretreat-
ment such as blanching reduces acrylamide. Apple 
slices were also blanched before microwave frying 
(Al Faruq et al., 2019). The importance of a blanch-
ing pre-treatment in zucchini was well described by 
Neves et al. (2019). They mentioned the effective-
ness of blanching on microbial reduction and im-
proving product quality such as zucchini squash. 

Zucchini (Cucurbita pepo L.) is a green squash 
(Neves et al., 2019), low in calories (Iswaldi et al., 
2013), but rich in vitamins and minerals (Bagheri et 
al., 2019), consumed generally in the fried form in 
summer. This squash can be found in many shapes 
and different skin colors (Iswaldi et al., 2013). This 
vegetable was generally processed for freezing 
and drying (Paciulli et al., 2015; Cuccurullo et al., 
2017), and limited studies researched zucchini fry-
ing (Abtahi et al., 2016). There is no study about the 
ultrasound blanching effect on frying to the knowl-
edge of the authors. Moreover, there is a lack of 
studies about investigating the pre-treating effect of 
electrical methods combined with blanching and the 
impact on the quality of fried products. 

Therefore, the purpose of this study was to eval-
uate the quality characteristics (color, texture, oil, 
and moisture contents) of microwave-fried zucchini 
slices after electrical pre-treatment (MEF) and two 
different blanching methods (ultrasound and tradi-
tional) by comparison to the deep-frying method us-
ing sun flower oil at 180 °C for 6 minutes.

2. MATERIALS AND METHODS

2.1. Materials

Zucchini (Cucurbita pepo L.) was obtained from 
a local market (İzmir, Turkey). Samples were sliced 
with a slicer (Berkel, Germany), at a thickness of 0.3 
cm and a diameter of 4.5 cm. Sunflower oil (Yudum 
Sun flower oil, Istanbul, Turkey) was used for fry-
ing. Chemicals (hexane, guaiacol, hydrogen perox-
ide, and sodium phosphate) were of analytical grade 
and obtained from Merck (Darmstad, Germany).

The raw materials were washed and peeled, di-
vided into two groups as electrical treatment group 
(MEF) and the control. Each group was divided into 
two more groups for blanching as ultrasound blanch-
ing (US) and traditional blanching (TB). After that, 

Figure 1. Flow chart of fried zucchini slices.
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all four groups were separately fried by microwave 
(MF) and deep-frying (DF). The 8 sample groups 
(MEF+TB+MF), (MEF+US+MF), (MEF+TB+DF), 
(MEF+US+DF), (US+DF), (US+MF), (TB+MF), 
and (TB+DF) were processed as shown in Figure 1. 

2.2. Moderate Electric Field (MEF)

MEF was applied by using a drum-type electro-
plasmolyzator designed by a research group in the 
Ege University, Food Engineering Department, with 
the cooperation of a Cermak Machine (Manisa, Tuk-
ey) from a previous research study (Baysal et al., 
2007). This equipment has two drums with stainless 
steel pins. A device was used to provide electric cur-
rent to the system and a feed unit made contact be-
tween the pins and samples. The distance between 
the pins of the drum-type electroplasmolyzator was 
adjusted to 1.8 cm. MEF was applied before slicing. 
Electric current was provided to the system at be-
tween 0-400V. 

The voltage gradients, and times (40, 50, 60, 
70, 80V for 30, 60 and 90 s) were determined by 
pre-treatments. The process conditions were deter-
mined by pre-treatments for zucchini as 40V/60 s 
voltage gradient. The voltage was not effective for 
the cell poration under 40V/cm, although the struc-
ture, and color lost were seen on the surface of the 
samples when treated at over 40 V. 60 seconds were 
chosen because frying time over 60 s harmed the 
structure, whereas 30 s was found to be insufficient.

2.3. Blanching methods

Samples were blanched in an ultrasonic bath (35 
kHz, Everest ultrasonic, Turkey) at 80 °C for 2 min. 
A conventional method was also carried out in the 
water bath (Nuve ST30, Turkey) (at 80 °C for 3 min) 
with a zucchini-to-water ratio of 1:8 (w/w). These 
parameters were selected with pre-treatments for en-
zyme (peroxidase) inactivation. After blanching, the 
slices were cooled under running tap water. Then the 
surface water was dried with absorbent paper. 

2.4. Frying methods 

Microwave frying was performed in a household 
microwave oven (GW72N Samsung Electronics), 
which works in the range of 100 to 900 W. The oil 
was heated to the frying temperature of 180±1 °C 
by using three different microwave power levels of 

300, 400, 600 W used in the pre-treatments to select 
the effective power. For each frying experiment, 250 
mL of fresh oil were placed in a Pyrex beaker when 
the temperature reached 180 °C. Ten zucchini slices 
(25 g±1.0 g) were immersed in the oil (sample-oil 
ratio of 1:10 w/v) to conduct a frying run at a speci-
fied time and power. The temperature was controlled 
by fiber optic sensors (Neoptix Qualitrol Campany, 
USA). All runs were conducted with fresh oil. The 
lowest power level (300 W) provided low temper-
atures and took longer times, increasing the oil in-
take. Therefore, 300 W was also eliminated. In the 
case of the highest power (600 W), the temperature 
increased suddenly, and this was eliminated also to 
provide an effective process. For this reason, sam-
ples were fried at 400 W. After selecting this power 
level, different times were treated, such as 4, 6, 7 
minutes at 400 W to select the sufficient time. The 
samples fried for 7 minutes began to brown. This sit-
uation was undesirable. Samples fried for 4 minutes 
at 400 W did not fry enough, and the peroxidase en-
zyme was not inactivated. Therefore, the frying time 
was selected as 6 minutes at 400 W and the enzyme 
was inactivated. 

Deep frying was carried out under the same con-
ditions as microwave frying at 180 °C for 6 min, 
which inactivated the peroxidase enzyme, with a 
3-L capacity Sinbo model fryer (SDF 3827, France) 
equipped with temperature adjustment in the range 
of 90 to 190 °C. The sample-oil ratio was 1:10, (w/v) 
the same as the microwave method. Before a new 
run, the basket cooling period was observed closely, 
and fresh oil was used for each sample. After reach-
ing the intended frying temperature, samples were 
placed in the basket, and the same procedure was 
followed.

The excess oil on the surface of the samples was 
removed with dry tissue paper for 20 s after both fry-
ing techniques. The frying process was performed in 
2 replicates and, analyses were replicated 3 times.

2.5. Analytical methods

Peroxidase activity for determining the blanch-
ing time was conducted qualitatively by adding 1 mL 
guaiacol as the substrate and 1 mL H2O2 (0.5%) as 
the hydrogen donor to the mixture of 5 mL demin-
eralized water and 5 g sample. The test was eval-
uated as positive when a reddish-brown color was 
observed and negative if there was no color. A neg-
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ative test indicated the inactivation of the enzyme 
(Cemeroğlu, 2010).

The samples were analyzed for moisture con-
tents with infrared moisture equipment (MOC63u, 
Shimadzu Inc. Japan) (Anon, 1990). Three samples 
were taken at random, and a shredded 1.5 g sample 
was tested in triplicate. 

The total oil content was determined by solvent 
extraction using the Soxhlet method with hexane for 
6 hours with the samples dried and ground into small 
particles (Ignat et al., 2015). 

Color values (L*, a*, b*) were measured with a 
Minolta chromameter (CR-400 Konica Minolta Inc, 
Japan). The total color difference (ΔE) was calculat-
ed (Eq. 1) by taking the TB+DF as a reference. Three 
different samples were scanned at three different 
positions, and the average values of three replicate 
measurements were reported.

ΔE=√(L*-L*ref)²+(a*-a*ref)²+(b*-b*ref)² (Eq.1)

Textural properties were measured with a TA-
XT plus texture analyzer (Stable Micro System Co. 
Ltd., Surrey, UK). A spherical stainless-steel test 
probe (P/25) of 25 mm in diameter in compression 
test mode was used to determine the hardness of the 
product by placing the one slice of the sample over 
the end of a hollow cylinder against the probe (Su et 
al., 2016). The test parameters were: 0.80 mm/s pre-
speed, followed by 0.80 mm/s test-speed and 4 mm/s 
post-test speed. The test distance was set at 3 mm 
by preliminary tests. Breaking force (N), Hardness 
(g-force), Fracturability (g-force), Springiness (m), 
Cohesiveness (N cm), Gumminess (N), Chewiness 
(J), and Resilience (N) were measured. Three slices 
were tested in triplicate for each group. The param-
eters were defined as the peak force observed at the 
maximum compression. 

The sensory analysis was performed in line with 
international standards (Norma UNE, 2020) The 
tests were developed in a standard room equipped 
with 10 individual tasting areas. The sensory test 
was performed with 20 untrained panelists. All sam-
ples were given at room temperature and coded with 
three-digit random numbers. Water and bread pieces 
were served to panelists for oral rinsing. An accept-
ance test was used by applying a hedonic scale struc-
tured in 9 points, 1 being “I dislike extremely” and 
9 being “I like extremely”, indicating an increasing 

general appeal level in the 0.05 significance scale. 
Characteristics such as color, texture, flavor, and 
general appearance were evaluated (Altuğ and El-
maci, 2005; Tejada et al., 2020).

The energy consumption of each process was 
measured using a digital energy meter. The energy 
meter recorded the energy during each treatment 
process (Su et al., 2018). The calculation of power 
consumption for the sample groups was made by the 
cumulative sum of power for each treatment. 

Results of the analyses were statistically ana-
lyzed by one-way analysis of variance (ANOVA) 
software SPSS 18 (SPSS Inc., Chicago, IL, U.S.A.) 
with the Duncan test to evaluate differences between 
treatments at a level of significance of p < 0.05. 

3. RESULTS AND DISCUSSION

The zucchini slices were fried with the selected 
parameters (power level and time), which provided 
the peroxidase enzyme inactivation and the samples 
were analyzed for comparing quality properties. 

3.1. Influence of moisture and oil contents after the 
frying process

The quality properties of the fried zucchini slices 
are given in Table 1. Moisture contents significantly 
differed at the end of the applications (p ˂ 0.05). The 
results showed that ultrasound blanching reduced 
the moisture content considerably for the same fry-
ing time as the traditonal method (p ˂ 0.05). This 
is an advantageous result considering that the time 
for US blanching was 1 min less than the traditional 
method. The combination group of MEF+US+MF 
had the least moisture content at 26.67%. The zuc-
chini slices, blanched in the traditional method, had 
a 93.65% moisture content before frying, whereas 
the moisture content found in the samples blanched 
with ultrasound was 93.09%. These values were 
91.12 and 91.82% for the MEF+US and MEF+TB, 
respectively (Table 1). The electrical treatment de-
stroyed the cell and made the water transfer easier. 
The microscopic channels were increased by ultra-
sound, and this accelerated the water pathway. The 
synergistic effect of these two applications helped to 
reduce the moisture in both the deep oil and micro-
wave frying. Similarly, Bagheri and Tinani (2019) 
maintained that ultrasonic pre-treatment for 20 and 
30 min before drying zucchini slices resulted in the 
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cavitation phenomenon, causing the breakdown of 
cells, with microscopic channels becoming more 
prolonged and more profound. The water evaporated 
efficiently by the formation of microscopic channels 
due to an increase in water diffusivity. 

In the US treated deep oil frying process, the 
moisture was 63.74%, although this value was re-
duced to 35.24% when the same sample was fried 
with the microwave technique. Su et al. (2018) stud-
ied with microwave vacuum frying of potato chips 
and explained the effect of microwave by finding 
a marked increase in the moisture evaporation ki-
netics and effective moisture diffusivity compared 
to fried samples without the microwave. They sug-
gested that the higher microwave setting used in the 
process achieved a higher moisture evaporation rate 
and higher effective moisture diffusivity. Similarly, 
it was pointed out for apple chips that the moisture 
removal became easier after the microwaves, which 
penetrated the food and led to water boiling within 
the food, which increased the vapor pressure differ-
ential between the center and the surface of the prod-
uct (Sham et al., 2001). It was also found that the mi-
crowaved ones had more moisture loss than the deep 
oil-fried potatoes, similar to our study (Oztop et al., 
2007). Huang et al. (2018) stated that the ultrasound 

application lowered the moisture content significant-
ly when comparing the microwave-assisted vacuum 
frying and vacuum frying samples. Hosseinzadeh 
and Shaheed (2015) also determined that the mois-
ture content in zucchini slices was between 31.6-
39.7% after frying at 150, 170, 190 °C. They said 
that the moisture loss was high, and a high amount 
of oil absorption was recorded. The oil uptake was in 
line with our study with the lower moisture contents. 
Moisture loss and oil absorption are the two most 
important mass transfer processes taking place dur-
ing the frying of food (Quan et al., 2014). Fat uptake 
reduced from 7.5 to 6.8 by applying PEF at 1.0 kV/
cm electric field (Fauster et al., 2018), and elasticity 
increased, while firmness decreased.

The oil content was found at its highest in the 
US+MF group and lowest in the TB+DF group 
(Table 1). MEF significantly affected the oil con-
tent before microwave frying compared to the 
groups of MEF+TB+MF with TB+MF (p ˂ 0.05). 
MEF pre-treatment increases the oil absorption of 
the sample in deep-oil frying rather than MF with 
both blanching methods. This situation was due to 
the synergistic effect of MEF and deep-oil frying. 
During deep-oil frying, the transfer of water and 
intracellular substances to the surface of the fries 

Table 1. Moisture, oil and color contents in zucchini slices.

Sample Moisture (%) Oil (%) L* a* b* ∆E
TB 93.65±0.20a

US 93.09±0.10b

MEF+TB 91.82±0.05c

MEF+US 91.12±0.10d

MEF+TB+MF 31.49±0.10f 25.92±0.60e 64.14±0.02g -2.20±0.00d 35.80 ±002b 7.60±0.04e

MEF+US+MF 26.67±0.20k 38.10±0.35b 60.71±0.03h -3.25±0.00h 33.55 ±0.05c 5.94±0.01f

MEF+TB+DF 62.37±1.00g 19.02±0.30f 72.84 ±0.01b -2.42±0.03e 38.49 ±0.50a 14.50±0.00a

MEF+US+DF 59.10±0.55h 27.81±0.55d 71.27±0.00c -3.15±0.01g 37.29 ±0.01a 13.58±0.06b

TB+MF 44.98±0.58i 30.00±0.60c 70.68 ±0.01e -2.51±0.02f 32.42±0.01c 3.36±0.00g

TB+DF 72.70±0.60e 9.09±0.25h 70.78±0.05d -0.14±0.01a 29.10±0.03d

US+MF 35.24±0.40j 40.62±0.45a 66.73±0.05f -1.58±0.00c 39.37±0.04a 8.23±0.01d

US+DF 63.74±0.02f 16.81±0.50g 74.65±0.04a -0.33±0.04b 32.26±0.10c 10.39 ±0.04c

aMean value ± standard deviation, and the number of samples analyzed (n= 3).
ba,b,c,.. Different letters within columns are significantly different according to Duncan´s test (p<0.05).

 cAbbreviations: (MEF+TB+MF)=moderate electric field+traditonal blanching+microwave frying; (MEF+US+MF)=moderate electric fiel-
d+ultrasound blanching+microwave frying; (MEF+TB+DF)= moderate electric field+traditonal blanching+deep-oil frying;(MEF+US+D-
F)=moderate electric field+ultasound blanching+deep-oil frying ;(TB+MF)=traditonal blanching+microwave frying and (TB+DF)=tradi-
tonal blanching+deep-oil frying; (US+MF)=ultasound blanching+microwave frying; (US+DF)=ultasound blanching+deep-oil frying. L*: 
Lightness, +a*/-a*: Redness/Greenness; +b*/-b*: Yellowness/Blueness; ∆E: Total Color Difference
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could be increased due to the MEF-induced elec-
troporation. Thus, the water at the surface of the 
samples improves the rate of mass transfer and in-
creases moisture removal and oil uptake. In addition, 
Quan et al. (2014) indicated that in the early stage 
of frying, the rate of moisture evaporation was high, 
which facilitated the formation of large pores at fast-
er rates. The formation of larger pores at faster rates 
facilitated the fast absorption of oil into these pores. 
Therefore, it can be said that MEF provided a faster 
early stage in deep-oil frying than MW frying and 
the oil absorption was high in this stage in deep-oil 
fried samples.

Ultrasound caused more rapid moisture remov-
al and higher oil absorption compared to the groups 
without ultrasound. Janositz et al. (2011) mentioned 
that PEF decreased oil uptake by the mechanisms 
of permeabilized cell membranes. A higher vapor 
pressure difference which reduces dehydration also 
removes substrates, reducing sugars, such as saccha-
rides for the Maillard reaction. Ignat et al. (2015) 
confirmed this condition by using potato cubes sub-
mitted to PEF treatments and par-fried for 1 min 
with a 74.2% moisture content. In another study, the 
oil uptake of fried apple slices was reduced after ul-
trasonic application in microwave frying (Al Faruq 
et al., 2019).

It was found that the deep-oil frying groups had 
less oil than the microwave frying group (p ˂ 0.05). 
Similarly, Sunsano et al. (2018) stated that the oil 
uptake was more significant in potatoes with micro-
wave frying than deep frying. The increase in tem-
perature and the internal pressure were faster in mi-
crowave frying than in conventional frying due to the 
volumetric heating in the presence of microwaves. 
Therefore, the moisture escape became easier. The 
creation of structural channels through the sample 
tissue during MW frying favored the oil uptake sig-
nificantly compared to deep-oil frying (Sansano et 
al., 2018). Similar to our study, previous research-
ers suggested that a large amount of oil is absorbed 
when the moisture loss is high. This condition was 
explained by Quan et al. (2014) in the dry areas of 
chips which were previously occupied by water and 
become dryer and less hydrophilic. These made an 
easier interaction between the oil and pores and even 
the non-porous areas of the chips. However, in con-
trast to this, Aydınkaptan and Mazı (2017), deter-
mined that microwave- fried French fries had a low-

er oil content and moisture content than those fried 
conventionally. They explained a slight decrease in 
the oil content of all samples an increasing level of 
oil degradation. In line with this, Devi et al. (2018) 
determined that microwave-fried samples had low-
er oil values than deep-oil fried ones. The authors 
argued that the diffusion of oil into the product was 
limited by a high evaporation rate of water during 
microwave frying; thus, the oil content was lower 
in MW. 

3.2. Changes in color properties 

The color values L*, a*, and b* of the samples 
were measured and then the total color differences 
(∆E) were calculated for each group and are pre-
sented in Table 1. There was a significant differ-
ence between the ∆E values (p ˂ 0.05). The highest 
L* (lightness) was found in the US+DF group and 
the lowest in the MEF+US+MF group. Traditional 
methods showed higher L* values. There were no 
significant differences among the L* values of the 
TB+DF and TB+MF groups (p ˃  0.05). The L* value 
decreased after TB+MF when electrically pre-treat-
ed, and the same effect was found in the US+MF 
group. This may be because the higher oil content 
showed less light in the samples. MEF application 
with the poration effect caused more oil absorption 
and a lower lightness value. Also, the accumula-
tion of moisture could lead the sample to be less 
bright. In addition, traditional blanching protected 
the brightness better than US when comparing the 
groups (MEF+TB+MF), (MEF+US+MF), (MEF+T-
B+DF), and (MEF+US+DF). This could be due to 
the cavitation effect of US, and the brightness was 
affected by the treatment.

There are different remarks about lightness in the 
literature. For example, it was mentioned that when 
brightness is reduced, the product obtains the desired 
golden color. Additionally, the reason for lowering 
the brightness or darkness of fried zucchini was ex-
plained by the nonenzymatic browning reactions 
due to increased frying temperatures (Hosseinzadeh 
and Shaheed, 2015). In contrast to this, as previous-
ly stated, a higher L* value is needed to give better 
consumer acceptance. The L* values for the fried 
samples decreased with increasing frying tempera-
ture, and it was significantly (p ˂ 0.05) highest in the 
ultrasound-assisted microwave frying group at the 
same frying temperature (Devi et al., 2018). In an-
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other study, the lightness parameter (L*) decreased 
to a lesser extent in microwave frying than in con-
ventional frying. The color values for microwave 
fried French fries were lighter and more yellow at 
higher temperatures compared to the conventional 
fries. During the microwave frying of potatoes, the 
L* value for microwave fried was found higher than 
that for conventional fried under the same conditions 
(Parikh and Takhar, 2016). Huang et al., (2018) pub-
lished that ultrasound produces a slight increase in 
microwave frying lightness.

The -a* value, which shows the green color, was 
found mostly higher in MEF+US+MF but lower in 
the group TB+DF; therefore, the process US and 
MF protects the specific color of zucchini slices. 
The green color was found higher in the MF-treated 
samples when US+MF was compared to the US+DF 
groups (p ˂ 0.05). This was because of the micro-
wave heating effect that began from the inside. In 
line with this opinion in previous research, it was 
found that the moisture ratio in the frying process 
was associated with browning. Reduction in the 
moisture content in potato chips during micro-
wave-assisted frying preserved the color better. But 
low temperature did not significantly affect the a* 
value in the microwave-assisted vacuum frying of 
fried potato chips (Su et al., 2016). The microwave 
used in the frying process is a kind of assisted dehy-
dration technology which is based on the thermal ef-
fect of microwaves. In another study, they stated that 
the microwave energy travels through the material 
and is absorbed more in the wet region than in the 
dry region of the product (Sun et al., 2019). At 193 
°C, the MF French fries had significantly larger a* 
values for all frying times than deep-oil frying (60, 
90, and 120 s) (Parikh and Takhar, 2016). However, 
Ignat et al. (2015) found the a* values to be lower 
for the blanched potato than in the low PEF at 9000 
pulses at 75kV/cm treatment. 

There were no significant differences between the 
b* values of MEF+TB+DF and MEF+US+DF and 
US+MF groups (p ˃ 0.05). In addition, the b* val-
ues did not significantly differ between the groups of 
MEF+US+MF, US+DF, and TB+MF (p ˃ 0.05). The 
effect of TB and US was the same on the yellowness, 
but MF was significantly and positively affected. 
When b* values were high for fried products, this 
showed a more yellow product, which was preferred 
(Krokida et al., 2001). In another study, ultrasound 

decreased the non-enzymatic browning in the vacu-
um frying of mushroom chips. They also determined 
a significant increase in the b* value after ultrasound 
(Devi et al., 2018).

Total color differences significantly differed be-
tween the groups due to the L* and a* values (p ˂ 
0.05). The chemical browning reactions in food, oil 
absorbed by food, time and temperature of the frying 
process, etc. affect the color of fried products (Ay-
dinkaptan and Mazi, 2017). 

3.3. Changes in the textural characteristics

During frying, due to the removal of water from 
the slices, some textural changes occurred. Textural 
properties such as hardness (g-force), fracturability 
(g-force), cohesiveness (N cm) and chewiness (J) 
are shown in Table 2. The breaking forces were also 
evaluated, and significant differences were found be-
tween the forces (p ˂ 0.05). As mentioned previous-
ly (Fan et al., 2005), when the breaking force was 
found to be lower, the crispiness value was higher. 
After the MEF application, the breaking force was 
significantly lower than the other groups (p ˂ 0.05). 

In parallel with this study, Ignat et al. (2015) not-
ed that the PEF treatment for the potato crisps needed 
a lower force for breaking, which was accomplished 
by making the plant tissue firmer through the effect 
of electroporation. Su et al. (2017) suggested that 
breaking force and crispiness were inversely propor-
tional. They found the moisture content in the pota-
to chips fried in microwave-assisted vacuum frying 
directly proportional to breaking force and reversely 
proportional to crispiness. 

Microwave frying increased the breaking force 
rather more than deep oil. Deep-oil frying gave a 
softer textural property to the samples than the mi-
crowave method. The structure could be improved 
using the application of MEF before microwave and 
deep-oil frying. Similar to our study, ultrasound-as-
sisted microwave frying showed a higher moisture 
removal rate, which may have led to the formation 
of a crust and mad the product crispier (Devi et al., 
2018). The breaking force decreased with increased 
frying time and microwave power due to reduced 
water content and increased oil content (Al Faruq et 
al., 2019).

The US significantly decreased the hardness 
compared to traditional blanching (p ˂ 0.05). The 
ultrasound, together with the effect of sponge and 
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cavitation, provided more crispiness compared to 
conventional blanching. Hhowever, when compared 
to MEF, it was less effective. The deep-oil fried sam-
ples had a softer structure than the microwave fried 
ones. More fracturability was found in the MEF+T-
B+DF and TB+DF groups. This was due to the effect 
of the frying process which reduced the breaking 
force of the zucchini slices through the removal of 
water. Due to the removal of water from the struc-
ture, the fried slices gained brittleness and hardness. 
In other words, the breaking force decreased sig-
nificantly (Karacabey et al., 2016). Sansano et al. 
(2018) confirmed these results by stating that micro-
wave-fried samples were harder than conventional 
ones, mainly because of the significant water loss in 
microwave frying. 

Cohesiveness, which was not desired in high lev-
els, was found to be lower in the TB+MF samples, 
and also gumminess was low in the MEF+US+DF 
samples. Traditinonal blanching and frying in-
creased gumminess. The moisture content of the US 
blanched groups was lower than the other in line 
with the gumminess. Chewiness was found highest 
in the group of MEF+TB+MF as 6.376. Resilience, 
which indicates flexibility, was found highest after 
the applications of US+MF. 

The oil content and moisture were also effec-
tive on the textural properties of the fried samples. 

Microwave frying reduced the time compared with 
conventional frying (Sahin et al., 2007). They also 
mentioned that the moisture content decreased while 
color developed during both conventional and micro-
wave frying. This situation was due to the decrease 

Table 2. Textural properties of zucchini slices

Sample Group Breaking force 
(N)

Hardness
(g-force)

Fracturability
(g-force)

Springiness
(m)

Cohesiveness
(N cm)

Gumminess
(N)

Chewiness
(J)

Resilience
(N)

Raw zucchini 19492.30±20.22a 26525.647±85.17a 9.071 ±2.33c 0.67 ±0.09b 0.79±0.01a 21066.51±18.10a 13607.096±15.10a 0.65±0.02a

MEF+TB+MF 19.33±26.45h 7.37 ±10.12e 0.98±1.22i 0.54±0.01c 0.60±0.01c 0.71±10.45g 6.37 ±2.50b 0.16 ±0.02d

MEF+US+MF 99.85 ±30.50d 19.43±10.20b 5.48 ±3.11e 0.90 ±0.02a 0.75±0.00a 0.61±0.90g 4.98 ±1.21c 0.12 ±0.01e

MEF+TB+DF 16.14 ±9.27i 16.44±6.66c 11.96 ±4.16b 0.51 ±0.02c 0.55±0.01c 9.19±3.88c 4.68±1.49c 0.11±0.01f

MEF+US+DF 68.98 ±15.08e 1.79±3.55g 3.68±1.45g 0.13 ±0.04e 0.53±0.02c 3.71 ±1.40d 2.62±2.55d 0.17 ±0.00d

TB+MF 22.54 ±12.52g 7.47±1.45d 6.28±1.17d 0.02 ±0.02f 0.43 ±0.01d 3.23±0.80e 0.09±1.42h 0.20±0.01c

TB+DF 1249.16±40.41b 1.09±2.31h 18.54±0.50a 0.49±0.01c 0.56 ±0.06c 11.65 ±2.48b 0.30 ±0.77f 0.21±0.03c

US+MF 60.78±10.12f 3.78±2.00f 1.59±0.60h 0.57 ±0.02 c 0.65 ±0.02b 0.67 ±1.65h 1.43±0.01e 0.26 ±0.01b

US+DF 278.62±50.52c 0.69±1.52i 3.88±1.93f 0.30±0.06d 0.62 ±0.02c 2.48 ±0.45f 0.16 ±1.90g 0.23±0.03c

aMean value ± standard deviation, and the number of samples analyzed (n= 3).
ba,b,c,.. Different letters within columns are significantly different according to Duncan´s test (p<0.05).
cAbbreviations: (MEF+TB+MF)=moderate electric field+traditonal blanching+microwave frying; (MEF+US+MF)=moderate electric 
field+ultrasound blanching+microwave frying; (MEF+TB+DF)=moderate electric field+traditonal blanching+deep-oil frying;(MEF+US+-
DF)=moderate electric field+ultasound blanching+deep-oil frying ;(TB+MF)=traditonal blanching+microwave frying and (TB+DF)=tra-
ditonal blanching+deep-oil frying; (US+MF)=ultasound blanching+microwave frying; (US+DF)=ultasound blanching+deep-oil frying. N: 
Newton; g-force: gram force; m: metre; J: joule; N cm: Newton centimeter.

Table 3. Energy consumption for processing groups.

Sample Energy consumption (kWh)
MEF+TB+MF 0.42±0.01c

MEF+US+MF 0.36±0.01d

MEF+TB+DF 0.56±0.02a

MEF+US+DF 0.50±0.05b

TB+MF 0.18±0.08g

TB+DF 0.32±0.06e

US+MF 0.12±0.04h

US+DF 0.26±0.02f

aMean value ± standard deviation, and the number of samples 
analyzed (n= 3)
ba,b,c,.. Different letters within columns are significantly different 
according to Duncan´s test (p<0.05).
cAbbreviations:(MEF+TB+MF)=moderate electric field+traditonal 
blanching+microwave frying; (MEF+US+MF)=moderate electric 
field+ultrasound blanching+microwave frying; (MEF+TB+DF)= 
moderate electric field+traditonal blanching+deep-oil frying;(ME-
F+US+DF)=moderate electric field+ultasound blanching+deep-oil 
frying; (TB+MF)=traditonal blanching+microwave frying and 
(TB+DF)=traditonal blanching+deep-oil frying; (US+MF)=ulta-
sound blanching+microwave frying; (US+DF)=ultasound blan-
ching+deep-oil frying. (kWh): Kilowatthours.
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in moisture content as frying time increased, which 
resulted in harder products, and microwave energy 
caused the fast water evaporation rates and creat-
ed higher pore density of larger pores in the chips. 
Such a porous texture was expected to increase the 
crispness in chips. Based on the results of analysis 
in this study, it fell in line with the study of Quan et 
al. (2014), who found that it was possible to produce 
crunchier, more visually appealing fried products in 
a short time by the microwave-assisted frying.

3.4. Evaluation of sensory properties

The sensory quality of zucchini slices is shown 
in Table 4. The results showed that zucchini slic-
es processed by MEF and US treatments had high 
scores for texture and color. The MEF +TB+DF 
groups were preferred due to the flavor and electri-
cal applications, and ultrasonic blanching affected 
the samples’ odor. The ultrasonic blanching men-
tioned before in the textural properties made the 
slices crispier, more attractive and preferable for the 
panelists. The combined effect of ultrasound and 
microwave showed better sensory quality. The im-
pact of ultrasound combined with microwave on the 
sensorial properties such as odor and color was re-
ported in a previous study. They informed significant 
differences between ultrasound-assisted microwave 
frying and microwave frying (Al Faruq et al., 2019). 

The sensory results were found to be in agreement 
with the color and texture measurements. The scores 
in the panel were higher for the color of samples, 

which had higher greenness values. Just the contrary, 
Troncoso et al. (2019) explained that the instrumen-
tal and sensory properties of color and texture could 
be irreversible. For example, panelists can prefer the 
sample with low lightness values. Electrically treat-
ed, traditionally blanched, and deep-fried slices were 
preferred by the panelists in terms of flavor, which 
was found to be more delicate in the texture analysis. 
However, the panelist gave high scores to MEF+T-
B+MF for general appeal.

3.5. Energy consumption

Power consumption was an important param-
eter to calculate the cost. In the industrial pro-
cess, the most important target was to use a low 
amount of energy. The energy consumption of all 
the groups was calculated and given in Table 3. 
The energy saving was found significant after the 
ultrasonic treatment and microwave frying rather 
than the other techniques. The results showed that 
the power consumption of processing zucchini 
slices with the microwave was significantly lower 
than deep frying.

Ultrasound provided less energy consumption 
when compared to the sample groups of TB+DF and 
US+DF. The same effect was also determined in the 
microwave-fried samples due to the blanching meth-
ods. It is worth mentioning that the frying method 
effectively maximized energy saving with the same 
processing time. 

Energy efficiency is a critical factor that restricts the 

Table 4. Average scores of panelists for hedenoic test 

Sample Color Texture Odor Flavor General appearance
MEF+TB+MF 5.50±0.05d 5.11±0.02f 6.00±0.15d 6.89±0.14c 7.70±0.25a

MEF+US+MF 7.67±1.01a 8.10±0.09b 5.33±0.42f 6.20±0.48e 6.89±0.78b

MEF+US+DF 6.00±0.08b 8.70±0.15a 5.33±0.48f 6.20±0.36e 6.89±1.12b

MEF+TB+DF 5.55±0.04d 7.80±0.13c 6.67±0.69c 7.78±0.98a 6.88±0.14b

US+DF 5.60±0.06d 6.00±0.74d 5.78±0.52e 7.22±0.65b 5.77±0.65d

US+MF 5.40±0.05d 8.11±0.90b 6.67±0.66c 6.10±0.25f 5.89±0.24d

TB+MF 5.90±0.07c 5.67±1.05e 7.30±1.00a 6.11±0.36f 3.11±0.98e

TB+DF 4.40±0.06e 3.67±0.82g 6.88±0.85b 6.44±0.76d 6.67±0.45c

aMean value ± standard deviation, test was carried with 20 panelists in 2 sessions.
ba,b,c,.. Different letters within columns are significantly different according to Duncan´s test (p<0.05)
cAbbreviations: (MEF+TB+MF) = moderate electric field+traditonal blanching+microwave frying; (MEF+US+MF) = moderate electric fiel-
d+ultrasound blanching+microwave frying; (MEF+TB+DF) = moderate electric field+traditonal blanching+deep-oil frying; (MEF+US+DF) 
= moderate electric field+ultasound blanching+deep-oil frying; (TB+MF) = traditonal blanching+microwave frying; (TB+DF) = traditonal 
blanching+deep-oil frying; (US+MF) = ultasound blanching+microwave frying; (US+DF) = ultasound blanching+deep-oil frying.
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development of fried fruit and vegetable slices. Conse-
quently, the application of the combined technique may 
maximize energy savings and reduce expenses. 

Similar results were found in previous research. 
Ultrasound was pointed out to require lower ener-
gy consumption. Su et al. (2018) reported that the 
combination of ultrasound could decrease the frying 
time and the energy consumption compared to the 
microwave. Fauster et al. (2018) suggested that PEF 
showed lower energy consumption than thermal 
pre-heating in French fry production. Similarly, Ig-
nat et al. (2015) discussed the effect of an electropo-
ration pre-treatment on processing time and energy 
saving. They determined that the low electric field 
application needed the lowest energy compared to 
deep-fat frying, blanching, and high-pulsed electric 
field application.

4. CONCLUSIONS

The single and synergistic effects of ultrasound 
blanching and moderate electrical pre-treatment on 
frying were investigated. The deep-oil and microwave 
frying of zucchini slices at the same temperature and 
during the same frying time were compared in terms 
of the optimal moisture and oil contents for color and 
textural properties. Electrical pre-treatments such as 
moderate electric field were found to be significantly 
effective on the frying of zucchini slices by making 
water transfer from the samples’ surface easier. The 
electric field’s synergistic effect, ultrasound and mi-
crowave treatments showed the least moisture con-
tent and the highest greenness. In addition to this, the 
electric field reduced oil intake before microwave 
frying. The breaking force of the final products was 
significantly affected by different frying methods 
and pre-treatments. Textural properties improved af-
ter microwave frying, so they were more chewy, re-
silient and springy but less fracturable, gummy and 
cohesive. Also, hard edible fried zucchini slices were 
produced. These alternative methods could be imple-
mented in frying technology, considering these posi-
tive aspects with savings in energy and time.
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