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Advanced and novel thermal technologies, such as ohmic heating and dielectric
heating (e.g., microwave heating and radio frequency heating), have been developed to
improve the effectiveness of heat processing whilst warranting food safety and eliminating
undesirable impacts on the organoleptic and nutritional properties of foods. Novel thermal
technologies rely on heat generation directly inside foods, which has implications for
improving the overall energy efficiency of the heating process itself. The use of novel
thermal technologies is dependent on the complexity and inherent properties of the food
materials of interest (e.g., thermal conductivity, electrical resistance, water content, pH,
rheological properties, food porosity, and presence of particulates). Moreover, there is
a need to address the combined use of thermal processing with emerging technologies
such as pulsed electric fields, high hydrostatic pressure and ultrasound to complement the
conventional thermal processing of fluid or solid foods.

This Special Issue provides readers with an overview of the latest applications of
various novel technologies in food processing. A total of eight cutting-edge original research
papers and one comprehensive review paper discussing novel processing technologies
from the perspectives of food safety, sustainability, process engineering, (bio)chemical
changes, health, nutrition, sensory issues, and consumers are covered in this Special Issue.

Drying is a conventional thermal processing technique that is very effective in pro-
longing the shelf life of a food product by reducing microbial activities while facilitating its
transportation and storage by decreasing the product weight and volume. The long drying
time and decline in the product quality with drying duration has driven an urgent need to
resolve these issues. Two approaches have recently been proposed: (i) the application of pre-
treatments such as microwave (MW) or ultrasound (US) on raw material prior to drying [1],
and (ii) the development of either a hybrid drying process involving convective-infrared
(IF) [1] or dielectric drying involving MW and radio frequency (RF) [2]. Using turnip slices
as a case study, the work of Taghinezhad et al. [1] explored several independent variables
such as pretreatments applied to the raw material prior to drying (MW [360 W for 2.5 min],
US [30 ◦C for 10 min] and blanching [90 ◦C for 2 min], the temperature of the drying air
(50, 60, and 70 ◦C) and the thickness of the materials (2, 4, and 6 mm) on the response
variables including the quality indices (color difference and shrinkage) and drying factors
(drying time, effective moisture diffusivity coefficient, specific energy consumption (SEC),
energy efficiency and dryer efficiency) using a hybrid convective-IF dryer. The response
surface method was used to optimize the drying process and the response variables were
predicted by the adaptive neuro-fuzzy inference system model. The results indicated that
an increase in the dryer temperature and a decline in the thickness of turnip slices can
enhance the evaporation rate, which will decrease the drying time (from 40 to 20 min), SEC
(from 168.98 to 21.57 MJ/kg), color difference (from 50.59 to 15.38) and shrinkage (from
67.84% to 24.28%) while increasing the effective moisture diffusivity coefficient (from 1.007
to 8.11 × 10−9 m2/s), energy efficiency (from 0.89% to 15.23%) and dryer efficiency (from
2.11% to 21.2%). Compared to US and blanching, MW pretreatment increased the energy
and drying efficiency, while the variations in the color and shrinkage of products were
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the lowest in the US pretreatment. In another drying example using pecan nut kernels,
the work of Zhang et al. [2] considered the dielectric properties (DPs) of raw material, an
important factor in the design of effective MW and RF drying processes. The DPs of raw
materials were investigated over frequencies ranging from 10 to 3000 MHz at moisture
contents between 10 to 30% in a temperature range of 5–65 ◦C at varying salt strengths
(mild, medium, and heavy). It was found that the dielectric constant (ε′) and loss factor
(ε′′) of the kernels decreased significantly with increasing frequency in the RF band, but
decreased gradually in the measured MW band. The moisture content and temperature
increase greatly contributed to the increase in the ε′ and ε′′ of samples, and ε′′ increased
sharply with increasing salt strength. Quadratic polynomial models were established to
simulate DPs as functions of temperature and moisture content at four frequencies (27,
40, 915, and 2450 MHz), with R2 > 0.94. The average penetration depth of electromag-
netic energy into the pecan kernels in the RF band was greater than that in the MW band
(238.17 vs. 15.23 cm).

MW pasteurization and sterilization is an emerging thermal technology that combines
preheating with hot water and MW energy (915 MHz) to achieve sterilization within a
shorter time. However, a well-reported challenge with the MW processing of food is non-
uniform heating, which could lead to the formation of cold spots in the processed products
and is consequently unable to achieve the targeted sterilisation efficiency. Two research
works from Soni et al. [3,4] addressed these food safety issues using novel validation
method and tools. In their first study [3], novel spore pouches were developed using
mashed potato as a food model inoculated with either Geobacillus stearothermophilus or
Clostridium sporogenes spores to evaluate the sterilization efficiency of Coaxially induced
MW pasteurization and sterilization (CiMPAS). The spore pouches were placed at pre-
determined specific locations, especially cold spots, in each food tray before being processed
using two regimes (R-121 and R-65), which consisted of 121 ◦C and 65 ◦C at 12 and 22 kW,
respectively, followed by recovery and enumeration of the surviving spores. To identify cold
spots or the inoculation location, mashed potato was spiked with Maillard precursors and
processed through CiMPAS, followed by measurement of lightness (L*) values. Inactivation
equivalent to of 1–2 and >6 Log CFU/g for G. stearothermophilus and C. sporogenes spores,
respectively, was obtained on the cold spots using R-121 (total processing time of 64.2 min).
Inactivation of <1 and 2–3 Log CFU/g for G. stearothermophilus and C. sporogenes spores,
respectively, on the cold spots was obtained using R-65 (total processing time of 68.3 min),
whereas inactivation of 1–3 Log CFU/g of C. sporogenes spores was obtained on the sides of
the tray. The results were reproducible across three processing replicates for each regime,
and inactivation at the specific locations was clearly distinguishable. For their second
study [4], hyperspectral imaging (HSI) was used to identify cold spots in CiMPAS-treated
mashed potato and directly compared to the results of color changes due to the Maillard
reaction after MW-induced sterilization. To visualize the HIS spectra of each tray in
comparison with the control sample (raw mashed potato), the mean spectrum (i.e., mean of
region of interest) of each tray, as well as the control sample, was extracted and then fed to
the fitted principal component analysis model. The HIS results coincided with those post
hoc analysis of the average reflectance values. Despite the presence of a visual difference in
browning, the L* values were not significantly different to detect a cold spot among a range
of 12 processed samples. At the same time, HSI could identify the colder trays among the
12 samples from one batch of microwave sterilization.

Apart from MW processing, the use of ohmic heating is another alternative technology
to sterilize and pasteurize heat sensitive food products that can provide better thermal
uniformity, a high heating rate and energy efficiency. The work of Joe et al. [5] took a
novel approach developing an ohmic–vacuum combination (OH-VC) heating system to
process a multiphase type of senior-friendly food. Changes in the physical and electrical
properties of senior-friendly model foods were investigated depending on the experimental
conditions such as vacuum pressure intensity and vacuum pretreatment time. Numerical
simulations based on the experimental conditions were performed using COMSOL Multi-
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physics software. The OH-VC heating method with agitation reduced the heating time of
the model food, and non-uniform temperature distribution in model food was successfully
resolved due to the effects of vacuum and agitation. Furthermore, difference was found in
the hardness of solid particles depending on the vacuum treatment time and intensity after
the heating treatment.

In recent years, the use of pulsed electric field (PEF) technology has gained in pop-
ularity, particularly in the potato industry for the production of French fries and potato
crisps, to “condition” the raw material (potato tubers) prior to subsequent processing (i.e.,
cutting, blanching and frying). However, the influence of PEF pretreatment on the frying
process and related chemical reactions for food materials is still not fully understood. PEF
treatment of plant tissue causes structural modifications, which are likely to influence heat,
mass and momentum transfers, as well as alter the rate of chemical reactions during the
frying process. Detailed insights into the frying process in terms of heat, mass (water and
oil) and momentum transfers are outlined in a comprehensive review article by Xu et al. [6],
in conjunction with the development of the Maillard reaction and starch gelatinization
during frying. These changes occur during frying, and consequently impact oil uptake,
moisture content, colour, texture and the amount of contaminants generated in fried foods,
as well as the fried oil. Therefore, the effects of PEF pretreatment on these properties across
a variety of fried plant-based foods are summarised in the review article. The different
mathematical models used to potentially describe the influence of PEF on the frying process
of plant-based foods and predict the quality parameters of fried foods produced from
PEF-treated plant materials are also addressed in the review article.

In agreement with the review article by Xu et al. [6], the work of Gholamibozanjani et al. [7]
conducted a timely investigation on the use of suitable heat and mass transfer models
to predict temperature distribution during potato frying after pre-treatment with PEF.
Meanwhile, the work of Abduh et al. [8] reported the kinetics of colour development during
the frying of four potato cultivars pre-treated with PEF, in which the kinetic result can later
aid in the optimisation of frying conditions for deep-fried potato industries where PEF
technology is implemented. Based on an unsteady-state heat conduction, a mathematical
model was developed by Gholamibozanjani et al. [7] to describe the simultaneous heat
and moisture transfer during potato frying. For the first time, the equation was solved
using both enthalpy and Variable Space Network methods, based on a moving interface
defined by the boiling temperature of water in a potato disc during frying. Two separate
regions of the potato disc, namely fried (crust) and unfried (core), were considered heat
transfer domains. A variable boiling temperature of the water in potato discs was required
as an input parameter for the model. This is because water is continuously evaporated
during frying, resulting in an increase in the soluble solid concentration of the potato
sample. The application of PEF pretreatment prior to frying had no significant effect on the
measured moisture content, thermal conductivity or frying time compared to potatoes that
did not receive PEF pretreatment. However, a PEF pretreatment at 1.1 kV/cm and 56 kJ/kg
reduced the temperature variation in the experimentally measured potato center by up
to 30%. On the other hand, the effect of PEF (1 kV/cm; 50 and 150 kJ/kg) followed by
blanching (3 min., 100 ◦C) on the colour development (L*) of potato slices during frying was
studied on a kinetic basis by Abduh et al. [8]. Four potato cultivars, ‘Crop77’, ‘Moonlight’,
‘Nadine’, and ‘Russet Burbank’, with different glucose and amino acid contents, were
used. The implementation of PEF and blanching as a sequential pre-treatment prior to
frying was found to be effective in improving the lightness of the fried products for all
potato cultivars. PEF pre-treatment did not change the kinetics of L* reduction during
frying (150–190 ◦C), which followed first-order reaction kinetics. The estimated reaction
rate constant (k) and activation energy (Ea based on Arrhenius equation) for non-PEF and
PEF-treated samples were cultivar-dependent. The estimated Ea values during the frying
of PEF-treated ‘Russet Burbank’ and ‘Crop77’ were significantly lower (up to 30%) than
their non-PEF counterparts, indicating that the change in the k value of L* became less
temperature-dependent during frying.
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The use of PEF can be also extended to red winemaking to achieve a similar outcome
as the pre-fermentation heating (or thermovinification) of red grapes, which is a common
practice in commercial wineries in Europe. PEF treatment applied to red grapes before
the maceration-fermentation stage allows for a reduction in the contact time of grape
skins, and helps to obtain wines with a higher polyphenolic content without involving
heat in the vinification process. The work of Maza et al. [9] monitored the evolution of
the polyphenolic compounds and sensory properties of wines obtained from Grenache
grapes, either untreated or treated with PEF, during the course of either bottle aging or
oak aging followed by bottle aging. Immediately prior to aging in bottles or in barrels,
enological parameters that depend on phenolic extraction during skin maceration were
higher when grapes were treated with PEF. In terms of color intensity, phenolic families,
and individual phenols, the wine obtained with grapes treated by PEF followed a similar
evolution to untreated control wine in the course of aging. Sensory analysis revealed that
the application of a PEF treatment resulted in wines that are sensorially different, where
panelists preferred wines obtained from grapes treated with PEF. Physicochemical and
sensory analyses showed that grapes treated with PEF are suitable for obtaining wines that
require aging in bottles or in oak barrels.

In summary, all the papers published in this Special Issue highlighted a large portion
of the research activities in the field of advanced thermal processing, aiming to improve the
efficiency of food processing, ensure food safety, enhance product quality and reduce food
waste. The development of novel thermal-processing technologies and an exploration of
the combined use of nonthermal processing to complement thermal processing will remain
a very active research area in the coming decades. Future studies should consider the
feasibility and applicability of these technologies or processing approaches for industrial-
scale environments.
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Abstract: Drying can prolong the shelf life of a product by reducing microbial activities while
facilitating its transportation and storage by decreasing the product weight and volume. The quality
factors of the drying process are among the important issues in the drying of food and agricultural
products. In this study, the effects of several independent variables such as the temperature of the
drying air (50, 60, and 70 ◦C) and the thickness of the samples (2, 4, and 6 mm) were studied on
the response variables including the quality indices (color difference and shrinkage) and drying
factors (drying time, effective moisture diffusivity coefficient, specific energy consumption (SEC),
energy efficiency and dryer efficiency) of the turnip slices dried by a hybrid convective-infrared
(HCIR) dryer. Before drying, the samples were treated by three pretreatments: microwave (360 W for
2.5 min), ultrasonic (at 30 ◦C for 10 min) and blanching (at 90 ◦C for 2 min). The statistical analyses
of the data and optimization of the drying process were achieved by the response surface method
(RSM) and the response variables were predicted by the adaptive neuro-fuzzy inference system
(ANFIS) model. The results indicated that an increase in the dryer temperature and a decline in the
thickness of the sample can enhance the evaporation rate of the samples which will decrease the
drying time (40–20 min), SEC (from 168.98 to 21.57 MJ/kg), color difference (from 50.59 to 15.38) and
shrinkage (from 67.84% to 24.28%) while increasing the effective moisture diffusivity coefficient (from
1.007 × 10−9 to 8.11 × 10−9 m2/s), energy efficiency (from 0.89% to 15.23%) and dryer efficiency
(from 2.11% to 21.2%). Compared to ultrasonic and blanching, microwave pretreatment increased
the energy and drying efficiency; while the variations in the color and shrinkage were the lowest in
the ultrasonic pretreatment. The optimal condition involved the temperature of 70 ◦C and sample
thickness of 2 mm with the desirability above 0.89. The ANFIS model also managed to predict the
response variables with R2 > 0.96.

Keywords: blanching; drying; efficiency; energy; microwave; ultrasound

1. Introduction

The turnip has been long used in the human diet due to its high vitamin and mineral
contents. Its use dates back to the prehistoric era. The turnip is cultivated in Europe
and Iran, especially in cold regions [1]. Recently, the turnip has attracted the attention of
consumers due to its high antioxidant content and anti-inflammatory, anti-diabetes, and
anticancer features, in addition to its glucosinolates, flavonoids, and phenylpropanoid
contents [2].

During the drying process, the moisture content of the product will be declined by
heat and simultaneous mass transfer between the surroundings and sample surfaces. This
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process can be used as one of the important storage methods to prolong the shelf life of the
product, reduce its transportation costs and minimize its packing requirements [3]. Drying
can also prevent the spoilage and wastes of the crops after their harvest [4].

Among various industrial commercial dryers, convective dryers have found extensive
applications in diverse industries including food and agriculture. This method, however,
suffers from serious problems such as long processing time, low efficiency, high energy
consumption rate, and declining quality of the product [5]. To resolve these issues, novel
technologies such as hybrid dryers with the use of pretreatments can be employed [6].

The infrared method is one of the recent approaches used in the drying of food
products, this method often applied in combination with convective methods and its goal is
to accelerate the process of drying, reduce the energy consumption and improve the quality
of the final product [7]; for instance, a hybrid convective-infrared (HCIR) dryer was used
to dry blackberry [7,8] and potato [9]. Today, various pretreatments have been employed to
reduce the drying time and improve the quality of the crops. Using these pretreatments, it is
possible to reduce some of the unwanted variations such as textural and color changes [10].
So far, various pretreatments have been employed in the drying industry. Ultrasound and
blanching pretreatments were used in a hybrid microwave-convective dryer to dry parsley
leaves [11]. In another study, osmotic and ultrasound pretreatment were employed for
drying strawberries under convective drying [12]. Ethanol and ultrasound were used as a
pretreatment to dry potatoes using an infrared (IR) drying approach [13], citric acid and
blanching were used to dry cauliflower using the convective dryer [10]. Other studies have
been conducted by various dryers using different pretreatments to dry diverse crops for
instance, blackberry [14], raspberries [15], Mirabelle plum [16], cranberry snacks [17], carrot
discs [5], and cabbage [18]. These studies indicated that the use of these pretreatments can
increase the effective moisture diffusion coefficient while reducing the drying time and
specific energy consumption (SEC); hence improving the quality of the dried products. To
the best of our knowledge, no study has addressed the influence of various pretreatments
on the drying process of turnip slices using a hybrid convective-infrared (HCIR) dryer.

The relationship between the independent and dependent variables of the drying
process is of crucial significance. Although some of the numerical methods have man-
aged to some extent to resolve the complexity of the non-linear behavior. Due to the
limitations of these methods, researchers have focused on other statistical methods such
as adaptive neuro-fuzzy inference system (ANFIS) and response surface methods [19].
The neural-fuzzy deductive systems simultaneously exploit the merits of the artificial
neural network and fuzzy logic. This method can be used to approximate the non-linear
relationship between the inputs and outputs and has shown bright capabilities in the
training, construction, and classification stages [20]. The response surface method (RSM) is
a series of mathematical and statistical methods to model and analyze problems in which
the response variable is under the influence of several independent variables. This method
is aimed to optimize the response variables [21]. In RSM optimization, input variables are
defined as the independent ones and their influence on the response (dependent) variable
is explored. Numerous researchers have used RSM and ANFIS to model and optimize the
quality and drying process of various crops including okra [22], quince [23], yacon [24],
lavender leaves [25], and rough rice [26] for RSM and blackberries [8], almond [20], and
yam slices [27] using the ANFIS method.

Regarding the importance of turnip in the human diet, its storage at high quality
is of crucial significance. Previous studies have shown that no work has addressed the
use of RSM and ANFIS to optimize and predict the quality and drying process of the
turnip slices using HCIR dryers. In this regard, the aim of the present study is to model
and optimize the effects of independent variables (slice thickness, temperature) on the
dependent variables (drying time, effective moisture diffusion coefficient, SEC, energy
efficiency, drying efficiency, shrinkage, and color) in drying turnip slices. In this research,
turnip slices at the thicknesses of 2, 4, and 6 mm were dried by an HCIR dryer after various
pretreatments (microwave, ultrasound, and blanching).
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2. Materials and Methods

2.1. Turnip Preparation

Fresh turnips were provided from ParsAbad City, Ardebil province (Iran). The samples
were kept in a refrigerator at + 4 ◦C. Prior to the experiments, the turnip samples were left
at room temperature for 1 h. The initial moisture of the samples was determined at 10.23%
(d.b.) using an oven (Memmert company, UFB50 model, Schwabach Germany) at 70 ◦C for
24 h.

2.2. Pretreatments

The pretreatments were carried out on the turnip samples before the drying process
as follows:

2.2.1. Blanching

For blanching pretreatment, a warm water bath (Memmert, WNB 14, Schwabach,
Germany) was used. This bath had a maximum temperature of 120 ◦C and an accuracy of
±0.1 ◦C. The samples were placed in a warm bath at 90 ◦C for 2 min [17].

2.2.2. Ultrasound Pre-Treatment

Ultrasound pretreatment was carried out using an ultrasonic bath (Parsonic, 7500s,
Tehran, Iran) at the frequency of 28 kHz and power of 70 W regarding the constant
frequency of the bath, turnip samples were immersed in distilled water at 30 ◦C and
exposed to ultrasound waves for 10 min [28].

2.2.3. Microwave Pre-Treatment

A domestic microwave oven (Panasonic NN-C2002W, Tokyo, Japan) at the frequency
of 50 Hz and maximum heating power of 1000 W (with the capability of tuning the power
at 90, 180, 360, 600, and 900 W) was employed for microwave pretreatment of the samples,
the pretreatment was carried out at the power of 360 W for 2.5 min [29].

2.3. Hybrid Convective-Infrared (HCIR) Dryer

After pretreatments, the drying process was conducted using an HCIR dryer (GC
400 model, company Grouc, Tehran, Iran). This dryer includes two Infrared (IR) lamps
(Philips model, Flemish, Belgium) working at the power of 500 W which are installed at
the upper part of the drying chamber at the height of 30 cm the dryer has a centrifuge
blower to blow hot air parallel to the substrate. To create the input air, a centrifuge fan
equipped with an inverter (Vincker VSD2, ABB Co., Taipei, Taiwan) was employed. The
input air speed was set at 1 m/s. The samples were placed on a meshed container on
a digital balance (AND, GF-6000, A&D Company Ltd., Tokyo, Japan) at the accuracy of
0.01 g placed beneath the channel. The turnips were cut into 2, 4 and 6 mm thick pieces
and pretreated using blanching, microwave and ultrasonic methods. The samples were
then dried with a HCIR dryer at three temperature levels (50, 60 and 70 ◦C). Before the
tests, the dryer was operated for 15 min to reach a constant temperature and air speed. In
each test, one layer of 40 g turnip slice was placed on the dryer tray. During the drying
process, the mean temperature and air humidity were 20 ± 4 ◦C and 15 ± 5%, respectively.

2.4. Moisture Ratio

Moisture ratio of the hybrid convective-infrared (HCIR)-dried turnip slices was deter-
mined by Equation (1) [1]:

MR =
Mt − Me

Mb − Me
(1)
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2.5. Effective Moisture Diffusivity

Fick’s law, Equation (2), can describe the moisture transport in the descending stage
of the drying process [30]:

∂X
∂t

= De f f
∂2X
∂x2 (2)

The second Fick’s law is related to the mass diffusivity during the descending phase
of the drying process, using appropriate boundary conditions, it is possible to solve the
Fick’s equation for various geometries. For a thin layer, the Fick equation can be solved by
Equation (3) [31]:

MR =
8

π2 ∑∞
n=1

1
(2n + 1)

exp

(−De f f (2n + 1)2π2t
4L2

)
(3)

The effective diffusivity coefficient can be determined from the slope of Equation
(4) [17]:

ln(MR) = ln(
8

π2 )− ln

(−De f f π2t
4L2

)
(4)

Generally, the diffusivity coefficient can be determined by plotting the experimental
data of ln(MR) versus the time. The slope of the obtained line can be substituted in
Equation (5) to determine the diffusivity coefficient [28]:

K =

(
De f f π2

4L2

)
(5)

2.6. Specific Energy Consumption (SEC), Energy and Drying Efficiency

After the drying tests, the drying curve and hence the drying time can be determined
for each specific condition. The specific energy consumption of the drying process can be
obtained by Equation (6) [32]:

SEC =

(
Et

Mw

)
(6)

Energy efficiency can be also determined by Equation (7) [33]:

ηe =

(
Eevap

Et

)
× 100 (7)

The HCIR dryer efficiency can be calculated by the following equation [34]:

ηd =

(Eevap + Eheating

Et

)
× 100 (8)

2.7. Shrinkage Measurement

Shrinkage refers to the variations in the sample volume relative to its initial volume.
This phenomenon can be assigned to the water removal from the cellular space and its
substitution with the air. During the drying process, the shape and size of the product may
also change. The alterations in the physical properties can finally result in some changes in
the final texture (shrinkage) of the dried products. Shrinkage can be determined by [35]:

Sa = (1 − Vt

V0
)× 100 (9)

In which Sa shows the shrinkage percentage, Vt denotes the apparent volume of the
dried sample (cm3) after the time of t and V0 represents the volume of the raw samples
(cm3). The apparent volume of the samples was measured by the toluene displacement
method using a glass pycnometer (50 mL) in this method, the samples with determined

10



Foods 2021, 10, 284

weight were transferred into a semi-filled pycnometer containing toluene. The remaining
volume of the pycnometer was then closely filled with the solvent and its weight was
measured. The apparent volume of the samples (V) can be determined by the following
equations [36]:

V = Vf −
Ms f

ρs
(10)

Ms f = Mt+s − Mf − M (11)

2.8. Color Difference

Color is a significant factor in the evaluation of food products and their marketabil-
ity [37]. To evaluate the color of the samples, a color meter was used to measure various
parameters including L (lightness), a (red-green), and b (yellow-blue). The total color
difference of the samples was also determined by Equation (12) [5].

ΔE =
√
(L − L∗

0)
2 + (a − a∗0)

2 + (b − b∗0)
2 (12)

2.9. Response Surface Methodology (RSM)

In this research, the influence of the independent variables (drying air temperature in
three levels of 50, 60, and 70 and the sample thickness in three levels of 2, 4, and 6 mm)
on the dependent variables (drying time (min), effective moisture diffusivity (m2/s), SEC
(Mj/kg), energy efficiency (%), drying efficiency (%), shrinkage (%), and color difference)
was evaluated for the samples pretreated by microwave, ultrasound, and blanching.

For the predicted responses, it was assumed that:

yk = fk(ε1, ε2, ε3) (13)

In which yk is the predicted response and ε1, ε2 and ε3 denote the natural (inde-
pendent) variables. The second-order response surface equations are also presented in
Equation (14) [25]:

yk = β0 +
k

∑
j=1

β jxj +
k

∑
j=1

β jjx2
j + ∑

k

∑
i<j

βijxixj (14)

In the above equation, β0, β j, β jj, and βij are the regression coefficients. xj also
denotes the coded input variables. Design-expert software was used for fitting the response
surfaces and optimize the drying process through solving a multiple regression equation
(Equation (14)) using historical data and RSM. The mathematical models of each response
were assessed by multiple linear regression analysis. The statistical significance of the
independent variables for the response variables was explored at the confidence level of
95% (p < 0.05). Only the significant variables were included in the proposed regression
equation. Finally, the optimal point of the process was determined according to the
boundary conditions and the target functions as shown in Table 1.

Table 1. Boundary conditions and the independent and dependent variables.

Variables Goal Lower Limits Upper Limits Importance

Drying air temperature (◦C) In range 50 70 5

Sample thickness (mm) In range 2 6 5

Drying time (min) Minimum 40 250 5

Effective moisture
diffusivity (m2/s) Maximum 1.01 × 10−9 8.11 × 10−9 5

SEC (Mj/kg) Minimum 21.57596 168.98 5

11
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Table 1. Cont.

Variables Goal Lower Limits Upper Limits Importance

Energy efficiency (%) Maximum 0.89 15.23 5

Drying efficiency (%) Maximum 2.11 21.2 5

Color difference Minimum 11.12 50.59 5

Shrinkage (%) Minimum 19.28 67.84 5

2.10. Adaptive Neuro-Fuzzy Inference System (ANFIS)

Compatible deductive neural-fuzzy systems combine the ANN and fuzzy logic con-
cepts and employ a series of if-then fuzzy laws. In this study, neural-fuzzy modeling
was achieved using Matlab software. To this end, a Sugeno system was employed and
the desirable membership function was determined among various functions (triangular,
trapezoidal, bell-shaped, Gaussian, Pi, type-II Gaussian, and sigmoid). Their membership
degree was also obtained by trial and error. A combinational training algorithm (including
error back propagations algorithm and minimum square error method) was employed
to train and match with the fuzzy deductive system. This model was used to predict
the drying time, effective moisture diffusivity coefficient, SEC, energy efficiency, drying
efficiency, color, and shrinkage of the turnip samples dried under various pretreatment
conditions. ANFIS inputs were the input air temperature and the sample thickness. In the
present study, 75% of the data were used for training, and the remaining 25% were used for
validation. The model evaluation and comparison was carried out by the determination
coefficient (R2), and mean square root error (MSE).

R2 = 1 −

N
∑

i=1
(Sk − Tk)

2

N
∑

i=1
(Sk − Tm)

2
(15)

MSE =
1
N

N

∑
i=1

(SK − Tk)
2 (16)

3. Results and Discussion

3.1. Drying Time

Table 2 shows the results obtained from the RSM method for predicting the drying
time of the turnip slices based on the independent variables (drying air temperature, and
slice thickness) for various pretreatments. The drying air temperature and slice thickness
had a significant effect on the drying time for all three pretreatments (p < 0.05). The fitted
models were linear and second-order polynomial equations. The positive and negative
signs of the estimated regression in the equations indicated the significant direct and
indirect effects on the response variable, respectively (p < 0.05).

Figure 1, depicts the effect of the drying temperature and slice thickness on the
drying time of the turnip samples for the three studied pretreatments using an HCIR
dryer. According to Figure 1b, the shortest drying time (40 min) was for the drying air
temperature of 70 ◦C and thickness of 2 mm for the sample pretreated by microwave. The
longest drying time (250 min) was also recorded for the drying air temperature of 50 ◦C for
the control samples with the thickness of 6 mm (Figure 1a) the decline in the thickness and
the rise in the temperature could enhance the thermal gradient within the turnip samples,
hence raising the moisture evaporation rate. The microwave pretreatment also led to a high
pressure difference between the center and the surface of the product and incremented
the drying rate; this will enhance the mass transfer, hence shortening the drying time [38].
Similar results were reported by the other researchers using a convective dryer and various
pretreatments for drying blackberry [39], apple [29], potatoes [31], and black mulberry [7].
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According to Figure 1c,d), ultrasound pretreatment also caused a significant (p < 0.05)
reduction in the drying time, as compared with the blanching pretreatment. The shortest
drying time for the ultrasound (140 min) and blanching (170 min) pretreatments were
observed in the sample with a thickness of 2 mm dried at the temperature of 70 ◦C. The
ultrasound-induced cavitation can lead to the formation of a series of microchannels in
the product which can decrease the boundary layer of the propagation and enhance the
mass transfer; this will, in turn, facilitate the water removal from the product [37]. These
results are in line with the previous reports. For apple [38] and rose flower [40] drying, the
drying time was significantly decreased by ultrasound pretreatment as compared with the
blanching pretreatment.

Table 2. Response surface method (RSM) modeling results for predicting the drying time under a
hybrid convective-infrared (HCIR) dryer with various pretreatments.

Pretreatment Equation R2 Adj R2 Pred R2 CV (%)

Control 348.33 − 3.75 × A + 13.75 × B 0.9830 0.9773 0.9567 3.43

Microwave 87.77 − 0.833 × A + 0.40 × B −
0.50 × A × B 0.9821 0.9713 0.9358 6.78

Ultrasonic 270.55 − 2.91 × A + 6.66 × B 0.9944 0.9925 0.9862 1.97

Blanching 999.44 − 25.5 × A − 12.91 × B +
0.18 × A2 + 2.70 × B2 0.9924 0.9847 0.9613 3.14

A: Drying temperature (◦C); B: Thickness (mm). R2: determination coefficient and CV: Coefficient of variation.

Figure 1. Effect of the drying temperature and sample thickness on the drying time (min) of the turnip slices dried under
an hybrid convective-infrared (HCIR) dryer with various pretreatments (a) control, (b) microwave, (c) ultrasound, and
(d) blanching.
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3.2. Effective Moisture Diffusivity Coefficient (Deff)

Table 3 lists Deff results for various pretreatments at the studied temperature and
thicknesses. R2 was larger than 0.6 indicating that the demonstrated models were the best
models for predicting the value of Deff. According to Table 3, Deff showed a linear and
significant variation in different pretreatments (p < 0.05).

Table 3. Response surface method (RSM) modeling for predicting effective moisture diffusivity
coefficient (Deff) under a hybrid convective-infrared (HCIR) dryer with various pretreatments.

Pretreatment Equation R2 Adj R2 Pred R2 CV (%)

Control −2.86 × 10−10 + 3.85 × 10−11×A
+ 1.26 × 10−10 × B

0.9447 0.9263 0.8776 7.34

Microwave −4.03 × 10−9 + 1.82 × 10−10 × A
−6.14 × 10−10 × B

0.9496 0.9328 0.8674 11.40

Ultrasonic −7.51 × 10−10 + 6.38 × 10−11 ×
A −1.84 × 10−10 × B

0.8594 0.8065 0.6041 12.99

Blanching −7.34 × 10−10 + 5.16 × 10−11 ×
A −1.08 × 10−10 × B

0.8996 0.8661 0.7817 9.71

A: Drying temperature (◦C); B: Thickness (mm). R2: determination coefficient and CV: Coefficient of variation.

Figure 2 shows the influence of the air temperature and turnip thickness on Deff for an
HCIR dryer with various pretreatments. The highest Deff value (8.11 × 10−9 m2/s) was
observed for the microwave-pretreated samples dried at the temperature of 70 ◦C and
thickness of 2 mm (Figure 2b); while the lowest Deff (1.007 × 10−9 m2/s) was recorded
for the control samples with the thickness of 6 mm dried at 50 ◦C (Figure 2a). Other
researchers reported the effective moisture diffusivity in the range of 5.47 × 10−10 to
4.82 × 10−9 m2/s [1,41]. Based on Figure 3, an increase in the input air temperature and
a decline in the sample’s thickness can raise Deff. At high temperatures, the free water
of the sample can be evaporated rapidly, hence dramatically reducing the drying time
and increasing Deff. The use of microwave pretreatment is also enhanced, compared to
the other pretreatments. By polarizing the water molecules, the microwave increased the
internal temperature of the product. Moreover, it destroyed the product texture and formed
channels with larger diameters, thus preventing the surface from hardening, hence acceler-
ating the free water evaporation. Deff will decrease as a result of a decline in the drying
time [33]. Similar results were reported by other researchers for cranberry snacks [17],
blackberry [30], and okra [42]. They declared that the use of different pretreatments can
increase the moisture diffusivity coefficient compared to the control samples.

Based on Figure 2c,d, Deff was higher in the ultrasonic pretreatment as compared with
the blanching as ultrasonic treatment could open capillary paths due to the dispersion of
the surface species; giving rise to longer microscopic channels as a result of the deformation
of the cell. Therefore, ultrasonic pretreatment can deform and destroy the cell walls and
accelerate moisture evaporation [38]. These results are in line with the previous reports by
other researchers [30,39].
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Figure 2. Effect of the drying temperature and sample thickness on the effective moisture diffusivity coefficient (Deff) (m2/s)
of the turnip slices dried under an HCIR dryer with various pretreatments (a) control, (b) microwave, (c) ultrasound, and
(d) blanching.

Figure 3. Effect of the drying temperature and sample thickness on the specific energy consumption (SEC, MJ/kg) of an
HCIR dryer with various pretreatments (a) control, (b) microwave, (c) ultrasound, and (d) blanching.
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3.3. Specific Energy Consumption (SEC)

Table 4 shows the modeling results for SEC of drying turnip slices at various tempera-
tures and sample thicknesses and pretreatments. Based on this table, the linear variables of
air temperature and sample thickness could significantly (p < 0.05) affect SEC in different
pretreatments. R2 was larger than 0.84, indicating the suitability of this linear model for
predicting the value of SEC. It must be noted that only the coefficients with significant
(p < 0.05) impact on SEC are included in the equation.

Table 4. Modeling results by the use of RSM for prediction of specific energy consumption (SEC)
under an HCIR dryer with various pretreatments.

Pretreatment Equation R2 Adj R2 Pred R2 CV (%)

Control 85.75 − 0.60 × A + 45.78 × B −
0.53 × A × B 0.9909 0.9853 0.9830 4.05

Microwave 52.40 − 0.56 × A + 18.83 × B −
0.20 × A × B 0.9954 0.9926 0.9777 3.25

Ultrasonic 132.39 − 1.63 × A + 9.32 × B 0.9329 0.9106 0.8484 9.29

Blanching 44.38 − 0.06 × A + 33.97 × B −
0.46 × A × B 0.9866 0.9786 0.9432 4.54

A: Drying temperature (◦C); B: Thickness (mm).

Figure 3, depicts the effects of the temperature of the drying air and the sample
thickness on the value of SEC for various pretreatments. The highest SEC (168.98 MJ/kg)
was related to the control samples with the thickness of 6 mm dried at 50 ◦C (Figure 3a);
while the lowest SEC (21.57 kJ/kg) was observed for the microwave-pretreated samples
with the thickness of 2 mm dried at 70 ◦C (Figure 3b). Similar results were reported by
the other researchers in drying black mulberry [7], blackberry [39], and apple [34] using
convective dryer under different pretreatments. They indicated that microwave-treated and
control samples had the lowest and highest SEC values, respectively. In the current study,
microwave pretreatment declined the SEC compared to the other two pretreatments. Using
microwave pretreatments, the destruction in the texture of the product will be enhanced
which will elevate the moisture removal rate; hence declining the SEC value [32]. Compared
to blanching pretreatment, ultrasonic pretreatment led to lower SEC values (Figure 3c,d).
Food products such as turnip will form a hard layer on their surface following the moisture
removal which may decelerate the evaporation. Ultrasonic pretreatment prevents the
formation of this layer, hence increasing the moisture removal rate, shortening the drying
time, and hence reducing the SEC value [20]. Similar results were reported for drying
parsley leaves by a microwave-convective dryer [11] and blackberry by an HCIR dryer [43];
as they showed that ultrasound pretreatment can result in lower SEC values, compared to
the blanching pretreatment.

3.4. Energy (ηe) and Dryer (ηd) Efficiency

Table 5 lists the results obtained by modeling the effects of drying air temperature and
sample thickness on the energy and dryer efficiency using an HCIR dryer with different
pretreatments. Under all the studied conditions, R2 was above 0.89 for the energy efficiency
and above 0.8 for the dryer efficiency indicating that these models can predict the energy
and dryer efficiencies well. Under the ultrasound pretreatment, the influence of the
input air temperature and sample thickness was significant (p < 0.05) through a second-
order equation; while for the other pretreatment, these effects were linear and significant
(p < 0.05). The variations in the dryer efficiency followed a second-order equation for the
microwave and control samples; whereas the other pretreatments showed linear significant
variation trends (p < 0.05).
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Table 5. RSM modeling of the energy and dryer efficiencies under an HCIR dryer with different
pretreatments.

Variable Pretreatment Equation R2 Adj. R2 Pred. R2 CV (%)

ηe

Control −6.04 + 0.19 × A −
0.54 × B 0.9706 0.9608 0.9271 11.39

Microwave
−7.97 + 0.37×A +

1.26B − 0.04 × A ×
B

0.9951 0.9921 0.9721 2.73

Ultrasonic
26.00 − 0.82 × A +
0.73B − 0.02 × A ×

B + 0.008 × A2
0.9893 0.9787 0.9276 3.58

Blanching −1.75 + 0.15 × A −
0.58 × B 0.9618 0.9491 0.8999 7.63

ηd

Control
11.70 − 0.44 × A −
0.11 × B + 5.85 ×
A2 − 0.04 × B2

0.9991 0.9981 0.9952 1.94

Microwave 82.80 − 2.49 × A −
1.42 × B + 0.02 × B2 0.9897 0.9834 0.9665 3.69

Ultrasonic 2.11 + 0.15 × A −
0.70 × B 0.9790 0.9720 0.9520 3.55

Blanching −3.57 + 0.21 × A −
0.54 × B 0.9314 0.9085 0.8067 9.24

A: Drying temperature (◦C); B: Thickness (mm). Energy (ηe) and dryer (ηd) efficiency.

A comparison of Figures 4 and 5 indicated that the elevation of the temperature
enhanced the energy and dryer efficiencies. Temperature can augment the rate of moisture
removal and hence decline the drying time; therefore, both the efficiencies will show
ascending trends with temperature enhancement. With an increase in the sample thickness,
the energy and dryer efficiencies declined as the drying time was increased. On the
other hand, comparing the studied pretreatments showed that the highest efficiencies
can be achieved using the microwave pretreatment (Figures 4b and 5b); while the control
samples exhibited the lowest efficiencies (Figures 4a and 5a). Microwave pretreatment
destroyed the product texture and accelerated moisture removal. Results have shown
that an increase in the drying temperature and a decline in the thickness of the sample
can improve both energy and dryer efficiencies. As shown in Figure 4c,d, ultrasonic and
blanching pretreatments enhanced the destruction in the product texture, hence no hard
layer will be formed during the drying process, and therefore the product will be dried
faster. Energy efficiency varied from 0.89% to 6.48% for the controls, 5.99% to 15.23% for
the microwave pretreatment, 4.88% to 9.87% for the ultrasound pretreatment, and 1.90%
to 7.77% for the blanching pretreatment. The dryer efficiency of the control, microwave,
ultrasound, and blanching pretreatments, varied in 2.11–9.11%, 3.45–9.99%, 5.77–11.54%,
and 8.74–21.4%, respectively. Other researchers have also shown that various pretreatments
can enhance the energy and drying efficiencies [34].
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Figure 4. Effect of the drying temperature and sample thickness on the energy efficiency (%) of an HCIR dryer with various
pretreatments (a) control, (b) microwave, (c) ultrasound, and (d) blanching.

Figure 5. Effect of the drying temperature and sample thickness on the drying efficiency (%) of an HCIR dryer with various
pretreatments (a) control, (b) microwave, (c) ultrasound, and (d) blanching.
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3.5. Shrinkage

Table 6 lists the coefficients of the equations obtained by the fitted models for the
shrinkage parameter. The air temperature and sample thickness could significantly affect
the shrinkage of the samples (p < 0.05). Table 6 also shows R2, adj-R2, Pre-R2, and CV
values. Regarding high R2 values (above 0.97), the presented model is the best one for
predicting the shrinkage level of the samples.

Table 6. RSM modeling for predicting shrinkage of the turnip samples under an HCIR dryer with
different pretreatments.

Pretreatment Equation R2 Adj. R2 Pred. R2 CV (%)

Control −14.24 + 0.90 × A + 2.75 × B 0.9821 0.9761 0.9547 2.80
Microwave −12.17 + 0.59A + 2.63 × B 0.9768 0.9691 0.9367 2.09

Ultrasonic −3.99 + 0.36×A + 0.07 × B +
0.04 × A × B 0.9951 0.9922 0.9809 3.60

Blanching −8.41 + 0.53 × A + 3.76 × B 0.9840 0.9787 0.9692 3.02
A: Drying temperature (◦C); B: Thickness (mm).

Figure 6, shows the influence of the drying air temperature and sample thickness
on the shrinkage of the samples pretreated by different methods. As seen, the highest
shrinkage can be observed in the control samples while the ultrasound-pretreated samples
exhibited the lowest shrinkage (Figure 6a). A comparison of the pretreatments indicated
that blanching led to the highest shrinkage as the intercellular water was replaced by
air which led to stress in the cell structure, hence the texture failed in maintaining its
structure (Figure 6d). As a result, the extracellular structure will collapse resulting in higher
shrinkage [29].

The shrinkage increased by increasing the temperature and sample thickness. An
increment in the drying temperature enhanced the thermal gradient between the product
and the environment, promoting the moisture migration from the internal layers to the
sliced layers; this will cause a moisture gradient between the surface and internal layers
and hence augment the shrinkage [18]. By drying mushrooms [44] and barley seeds [35]
at various temperatures, other researchers also showed an increase in the shrinkage by
the temperature elevation. The reason for the increased shrinkage in thicker samples
can be explained as follows: a rise in the sample thickness will reduce the water release
of the cell and hence decline the stress applied to the cell by the liquid. Such a decline
in the stress will enhance the textural shrinkage. The shrinkage of the turnip samples
pretreated by microwave (Figure 6b), ultrasound (Figure 6c), and blanching (Figure 6d)
method, as well as the controls, varied from 24.28–46.67%, 19.28–42.49%, 26.20–52.21%,
and 36.36–67.84%, respectively.
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Figure 6. Effect of the drying temperature and sample thickness on the shrinkage (%) of the turnip slices dried under an
HCIR dryer with various pretreatments (a) control, (b) microwave, (c) ultrasound, and (d) blanching.

3.6. Color Difference (ΔE)

As presented in Table 7, the drying air temperature and sample thickness linearly and
significantly altered ΔE of the dried turnip (p < 0.059). R2, adj-R2, and Pre-R2 values of ΔE
index were above 0.97, above 0.96, and above 0.92. Therefore, the presented equations can
well fit the experimental data.

Table 7. RSM modeling for predicting color difference (ΔE) of the samples dried under an HCIR
dryer with different pretreatments.

Pretreatment Equation R2 Adj. R2 Pred. R2 CV (%)

Control +7.31 + 0.41 × A + 2.3 × 6B 0.9861 0.9815 0.9706 1.79

Microwave −33.93 + 0.79 × A + 9.08 × B −
0.08 × A × B 0.9880 0.9808 0.9580 3.72

Ultrasonic −21.38 + 0.51×A + 3.09 × B 0.9871 0.9829 0.9686 4.21
Blanching −10.61 + 0.49 × A + 3.15 × B 0.9720 0.9627 0.9269 4.31

A: Drying temperature (◦C); B: Thickness (mm).

Figure 7 shows the effects of the drying temperature and sample thickness on ΔE of
the turnip samples dried by an HCIR dryer for different pretreatments. An increase in the
temperature and sample thickness enhanced the ΔE value since an increase in these two
factors implies drying at higher temperatures which will result in browning reactions and
an increase of the brunt areas on the sample surface [11]. Similar results were reported
on the variations of ΔE during drying different products such as almond kernel [45] and
cabbage [18].
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Figure 7. Effect of the drying temperature and sample thickness on the color difference of the turnip slices dried under an
HCIR dryer with various pretreatments (a) control, (b) microwave, (c) ultrasound, and (d) blanching.

The highest color variation (ΔE) was 50.59 and observed in the control samples
with the thickness of 6 mm dried at 70 ◦C (Figure 7a); while the lowest color difference
(11.12) was for the ultrasound-treated samples with the thickness of 2 mm dried at 50 ◦C
(Figure 7c). The results indicated that the color indices were closer to the fresh samples
when the products were thinner and dried at lower temperatures. According to Figure 7, the
studied pretreatments caused some color variations. Similar results were also reported for
other agricultural products such as mushrooms [44], star anise [46], cranberry snacks [17],
and blackberry [39].

3.7. Optimization

Table 8 lists the optimized values of the independent and response variables along
with their desirability function based on the desirability index. The optimal independent
variables were drying temperature of 70 ◦C and thickness of 2 mm for all the pretreatments
and control samples (accuracy over 0.89). Under this optimal condition, the response
variables such as drying time (11.33 min), SEC (59.31 MJ/kg), shrinkage (54.87%) and color
variation (40.83) were minimized while, Deff (2.15 × 10−9 m2/s) energy efficiency (6.64%)
and dryer efficiency (9.13) showed their maximal levels. Other researchers also used
the RSM method to optimize the drying process of various crops including apricots [45],
lavender leaves [25], sunflower seeds [21], and pistachio [47].
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Table 8. Optimization of the response parameters for turnip drying under an HCIR dryer with different pretreatments
by RSM.

Pretreatment
Air

Temperature
(◦C)

Thickness
(mm)

Time
(min)

Deff (m2/s)
SEC

(MJ/kg)
ηe

(%)
ηd

(%)
Shrinkage

(%)
Color

Difference
Desirability

Control 70 2 113.33 2.15 × 10−9 59.31 6.40 9.13 54.87 40.83 0.896
Microwave 70 2 39.44 7.49 × 10−9 21.59 15.12 21.06 34.62 27.40 0.893
Ultrasonic 70 2 79.72 3.34 × 10−9 36.59 9.67 11.64 28.43 20.75 0.892
Blanching 70 2 97.77 2.66 × 10−9 53.30 7.66 10.20 36.87 30.07 0.911

3.8. ANIFIS

Table 9 presents the results obtained by the ANFIS model to predict the drying time,
Deff, SEC, energy and dryer efficiencies, shrinkage, and color variation of the dried turnip
samples using an HCIR dryer. To measure the performance of the model, developed
equations and two statistical functions, root mean square error (RMSE) and determination
coefficient (R2), were used. In this table the lowest RMSE and highest R2 are presented.
According to Table 7, R2 of prediction of drying time, Deff, SEC, energy efficiency, dryer
efficiency, shrinkage, and color were 0.9965, 0.989, 0.000, 0.9993, 0.9989, and 0.9990, respec-
tively (other pretreatments are shown in Table 9). According to Table 9, it can be concluded
that the ANFIS model offered higher accuracy for all the studied parameters as compared
with the RSM model. By drying almonds [20] and blackberry [30], the researchers have
shown that the ANFIS model can successfully predict the drying properties of the products.

Table 9. Prediction of the response parameters for turnip drying under an HCIR dryer with different pretreatments
by ANFIS.

Pretreatment

Time
(min)

Deff
(m2/s)

SEC
(Mj/kg)

ηe
(%)

ηd
(%)

Shrinkage
(%)

Color

R2 MSE R2 MSE R2 MSE R2 MSE R2 MSE R2 MSE R2 MSE

Control 0.9975 0.0012 0.9690 0.0059 0.9995 0.0002 0.9859 0.0012 0.9994 0.0002 0.9968 0.0009 0.9979 0.0008

Microwave 0.9965 0.0019 0.9890 0.0022 0.9990 0.0004 0.9993 0.0004 0.9989 0.0004 0.9869 0.0020 0.9990 0.0004

Ultrasonic 0.9990 0.0004 0.9797 0.0048 0.9805 0.0017 0.9896 0.00011 0.9939 0.0010 0.9996 0.0002 0.9990 0.0004

Blanching 0.9980 0.0008 0.9708 0.0054 0.9989 0.0004 0.9979 0.0008 0.9928 0.0011 0.9979 0.0008 0.9988 0.0004

4. Conclusions

In this study, drying time, Deff, SEC, energy efficiency, drying efficiency, color, and
shrinkage of the turnip samples dried by an HCIR dryer were evaluated under various
pretreatments (microwave, ultrasonic, and blanching). The following results were obtained:

I. The lowest drying time (40 min), Deff (1.007 × 10−9 m2/s), and SEC (21.57 Mj/kg)
were observed in the microwave pretreatment.

II. Energy and dryer efficiencies of 0.89–15.23% and 2.11–21.20% were recorded for
the microwave-pretreated samples with a thickness of 2 mm which were dried at
70 ◦C.

III. In the HCIR dryer, SEC declined by increasing the temperature and reducing the
thickness, microwave power, and blanching temperature; the energy and dryer
efficiencies were increased.

IV. The ultrasonic pretreatment led to the lowest shrinkage (19.28%) and color variation
(11.12) moreover, an increase in the temperature and sample thickness enhanced
the shrinkage and color variations for all the pretreatments.

V. The optimal condition for the lowest SEC and the highest energy and dryer effi-
ciencies involved the air temperature of 70 ◦C and sample thickness of 2 mm which
led to the desirability of over 89% for all the pretreatments.

VI. A comparison of the parameter prediction by RSM and ANFIS models indicated
that the RSM model exhibited very good performance in modeling and optimizing
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the process; while the ANFIS method did not have this capability. ANFIS, however,
showed better performance in predicting the dependent variables.

This study provides an in-depth understanding of the drying kinetics, and energy
consumption, energy efficiency and quality properties (shrinkage and color) of HCIR drying
process with four pretreatments, which will be helpful for the selection of pretreatment
methods in the turnip industry.
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Abbreviations

De f f Effective moisture diffusion coefficient (m2/s)
Et Total energy input to dryer (MJ)
EU Total energy consumption
Eevap Energy consumed to evaporate moisture from drying samples (kJ)
Eheating Energy for the material heating (kJ)
M weight of the sample (g)
Mf weight of pycnometer (g),
Mb Initial moisture content (kg water/kg dry matter)
Me Equilibrium moisture content (kg water/kg dry matter)
Mt Moisture content at any time (kg water/kg dry matter)
MR Moisture ratio
Msf weight of the toluene for filling the pycnometer (g)
Mt+s weight of pycnometer plus the weights of the sample and toluene (g)
N Number of data values
R2 determination coefficient
Sb Shrinkage (%)
SEC Specific energy consumption (MJ/kg)
Sk Predict data
t Drying time (min)
Tk Experimental data
Tm average predicted values
Vf pycnometer volume (cm3)
Vo Final volume (cm3)
Vt Initial volume (cm3)
ΔE Total color change
ΔL∗,Δb∗,Δa∗ Differences between the color of the fresh and dried sample
ρs density of toluene (0.87 g/cm3 at 20 ◦C)
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ηd Drying efficiency (%)
ηe Energy efficiency (%)
Sa Shrinkage (cm3)
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Abstract: Dielectric properties of materials influence the interaction of electromagnetic fields with
and are therefore important in designing effective dielectric heating processes. We investigated
the dielectric properties (DPs) of pecan kernels between 10 and 3000 MHz using a Novocontrol
broadband dielectric spectrometer in a temperature range of 5–65 ◦C and a moisture content range
of 10–30% wet basis (wb) at three salt levels. The dielectric constant (ε′) and loss factor (ε”) of the
pecan kernels decreased significantly with increasing frequency in the radio frequency (RF) band,
but gradually in the measured microwave (MW) band. The moisture content and temperature
increase greatly contributed to the increase in the ε′ and ε” of samples, and ε” increased sharply with
increasing salt strength. Quadratic polynomial models were established to simulate DPs as functions
of temperature and moisture content at four frequencies (27, 40, 915, and 2450 MHz), with R2 > 0.94.
The average penetration depth of pecan kernels in the RF band was greater than that in the MW band
(238.17 ± 21.78 cm vs. 15.23 ± 7.36 cm; p < 0.01). Based on the measured DP data, the simulated and
experimental temperature-time histories of pecan kernels at five moisture contents were compared
within the 5 min RF heating period.

Keywords: pecan; dielectric properties; radio frequency (RF) heating; simulation

1. Introduction

Pecan [Carya illinoinensis (Wangenh.) K. Koch] is a world-famous Juglandaceae tree nut, mainly
distributed in North America, including the United States and Mexico, which accounts for approximately
60% and 30%, respectively, of global pecan nut production [1]. The pecan nut has gained increasing
popularity due to its abundant nutrient components (high unsaturated fatty acids, protein, minerals,
vitamins, phenolics, flavonoids, phytosterols, and saponins), unique buttery flavor, and potential
health-promoting benefits, such as modulating blood cholesterol levels, preventing coronary heart
disease, and mitigating adiposity [2–6]. Suitable postharvest drying is an essential step in maintaining
the quality and active ingredients of pecan nuts [7].

The moisture content of freshly harvested pecan nuts must be promptly reduced from 25–35% wet
basis (wb) to less than 6% wb through dehydration to decrease the metabolic rate, which facilitates the
subsequent transport, storage, and processing of pecan nuts [8,9]. Pecan kernels are enclosed in a thick
hard shell, which leads to a slow drying cycle. Often, more than three days is required to accomplish
dehydration through sun or air convection drying methods [10]. Moreover, these traditional convection
drying methods require a large area to lay the pecans outdoors and are susceptible to ambient climatic
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circumstances, which often cause undesirable quality degradation, such as mold, being off-flavor, or
discoloration [11]. Therefore, advanced drying technologies have become an urgent issue that needs to
be resolved for postharvest pecan processing.

Dielectric heating is a fourth-generation heating treatment technology that is widely used for
the industrial drying of food, agricultural products, and industrial materials [12,13]. When dielectric
samples are subjected to a rapid reversal electric field, the electromagnetic wave passes through
the material shell and interacts directly with the permanent or induced dipoles and charges inside
the sample to induce underlying dipole polarization and ionic conduction with finite displacement,
resulting in heat generation inside the volume [14,15]. However, to design and control the dielectric
heating process, knowledge regarding the dielectric properties (DPs) of materials is essential, which
can be used to determine how much polarization of dielectrics and charge conduction can occur and
dissipate when subjected to an electromagnetic field [16]. The DPs of materials are normally described
using the complex relative permittivity, ε*, which is represented as follows: ε* = ε′ – jε”. The real part
(ε′) of the formula is named the dielectric constant, which reflects the charge storing capability of the
material regardless of the sample’s size. The imaginary part (ε”) is named the loss factor, reflecting the
energy dissipation in the material due to the conversion of the electromagnetic field into heat energy.
The higher the dielectric loss factor values, the higher the electromagnetic energy that is absorbed and
converted by the material, and the higher the rate of the temperature increase [17]. Therefore, DPs are
the most basic parameters for characterizing the interaction, thermal efficiency, and penetration depth
when designing MW and RF heating processes [18].

Several studies have reported the DPs of foodstuffs over various frequency, temperature, moisture
content, and salinity ranges in drying, pasteurization, and pest control [19–21]. The DPs of macadamia
kernels were determined in the frequency band of 10–1,800 MHz within a temperature range of
25–100 ◦C at moisture contents of 3–24% wb by adopting open-ended coaxial probe technology [22].
Zhang et al. [23] found that the DP value of peanut kernels decreased with increasing frequency but
increased with increasing temperature and moisture content. Ling et al. [24] simulated quadratic
polynomial equations for the temperature, moisture content, and frequency of non-salted pistachio
nuts, according to the DP data measured from 10–4500 MHz at 25 to 85 ◦C. Jeong et al. [25] found that
RF heating can potentially inactivate foodborne Salmonella enterica in pistachios and that the inhibitory
effect is controlled by the dielectric loss factor relative to the salt content. The dielectric heating of
pecans can effectively prevent the attack of weevil [26], and the dielectric heating does not make the
color of the epidermis darker when stored later than steam [27]. In recent years, new technologies of
broadband dielectric spectroscopy have been developed to measure the DPs of materials. These new
technologies have integrated systems, are easy to operate, have a broadband frequency range, and
provide more accurate results in comparison to the previous method of the open-ended coaxial-line
probe. However, some problems exist in the direct application of a broadband dielectric spectrometer
for determining the DPs of irregularly shaped materials because this method requires close contact
between the samples and parallel electrode probes during measurements. The contact problem is
overcome by creating compressed cylindrical samples with flat surfaces from a ground sample to
match the kernel bulk density of the pecan kernel.

In this study, the objectives were to determine the DPs of pecan nut kernels over frequencies
from 10 to 3000 MHz at moisture contents between 10 to 30% at four temperature levels. Furthermore,
simulations were performed based on empirical equations describing the DPs of the pecan kernels as
functions of the moisture content and temperature at certain frequencies. The effect of the salt strength
(mild, medium, and heavy) on the DPs of pecan nut kernels was also assessed. The penetration depth
of electromagnetic energy into the pecan kernels under these different conditions was determined.
Engineering insights into the implications of these DPs for the RF process during 5 min of RF heating
for pecan samples with five different moisture contents were discussed.
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2. Materials and Methods

2.1. Materials

Pecan fruits of the Mahan variety were harvested from a local farm in Jiande (Jiangsu Province,
China) in September 2016. Ethephon aqueous solution (4000 mL kg−1) was sprayed on the surfaces of
the fruit hulls to accelerate the hull separation from the shell. The in-shell pecan nuts were immersed
in sterilizing liquid (NaClO, 5 mg mL−1) for 5 min and then rinsed with deionized sterile water. The
surface of disinfected nuts was air-dried for further grading treatment. High-quality samples free
of any defects were selected based on full and plump size and similar sense and stored at 4 ◦C until
further testing. The main nutritional ingredients of the pecan samples were measured with Association
of Official Analytical Chemists (AOAC) standard methods (Table 1).

Table 1. Chemical compositions (g/100 g, average ± SD of three replicates) of the pecan kernels.

Composition Content Method

Fat 67.12 ± 0.37 AOAC 948.22
Protein a 14.60 ± 0.29 AOAC 950.48
Moisture 2.76 ± 0.55 AOAC 925.40

Ash 2.84 ± 0.32 AOAC 950.49
Dietary fiber 7.59 ± 0.63 AOAC 985.29

Carbohydrate 10.18 ± 0.24 Estimated by difference b

a Protein was calculated by considering a nitrogen conversion factor of 5.3. b Carbohydrate content = 100% −
(% moisture +% protein +% fat +% ash +% dietary fiber).

2.2. Preparation of Pecan Kernel Samples

Pecan nut kernels (200 g) with an initial moisture content of 30.2% wb were divided evenly into
four sublots and then dried to moisture content levels of 25, 20, 15, and 10% wb at 40 ◦C in a blast
drying oven. The samples with different moisture contents were then vacuum sealed in polyethylene
bags at 4 ◦C until further use. The storage time was assumed to be sufficient for the residual humidity
in each kernel to completely relax and reach a uniform level throughout the kernel.

To quantitatively examine the effect of the salt content on the DPs of the pecan kernels, the salted
pecan samples were prepared in accordance with the method of Ling et al. [24]. A total of 150 g of
fresh pecan kernels was freeze-dried to adjust the moisture content to 5%. The dried nut kernels
were then divided into three equal parts that were immersed in 1000 mL of brine (NaCl 5%, 10%, and
20% w v−1) for 60 min with constant stirring to simulate the market products named lightly-, medium-,
and heavily-salted nuts. These soaked salty samples were removed and freeze-dried again to obtain an
end moisture content of 15%. The dried pecan samples contained the same ingredients and had three
levels of salt: Light, medium, and heavy. All the samples were stored (relaxing time was sufficient) for
further use at 4 ◦C in individual polyethylene bags.

2.3. Preparation of Cylindrical Samples

To obtain close contact between the samples and gold-plated parallel electrodes during the
measurement of DPs, cylindrical samples whose density closely matched the actual kernel density
were prepared. The prepared kernels with different moisture and salt contents were ground into
powder. The powdered samples were then compressed under vacuum in a metal cylindrical mold of
a hydraulic press (YP-2, Shanghai Shanyue Science Instrument Co., Ltd., Shanghai, China) to form
cylindrical discs (ø: 7 mm; H: 3 mm). To control the pressure of the hydraulic press and the weights of
the added powder, the density of the compressed cylindrical sheets closely matched the density of the
real kernel sample.

The kernel bulk density of the pecan kernel samples with different moisture contents was
determined using the liquid displacement method [24], in which toluene (C7H8) was used as the
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displaced liquid due to its low surface tension and non-absorption by nut kernels. The actual density
was distributed within the numerical zone from 0.8150 to 1.2715 g cm−3 (Table 2) as the moisture
content varied between 10% and 30%. The specific heat at different densities was determined by
a dual-needle probe method [28] using a thermal properties analyzer (KD2 Pro, Decagon Devices,
Pullman, WA, USA).

Table 2. The densities and specific heat of pecan kernel at five moisture contents.

Moisture Content (% wb) Density ± SD (g cm−3) Specific Heat (J kg−1 ◦C−1)

10 0.8150 ± 0.0102 970 ± 35
15 0.9431 ± 0.0075 1138 ± 46
20 1.0005 ± 0.0037 1267 ± 53
25 1.1024 ± 0.0008 1382 ± 37
30 1.2715 ± 0.0103 1469 ± 48

2.4. Measurement of DPs

The DPs of the cylindrical sheet samples were measured using a Novocontrol broadband dielectric
spectrometer system (Novocontrol Concept 80, Montabaur, Germany). The key components of the
system comprised an Alpha-A dielectric analyzer, Quatro temperature control systems, a Novocontrol
BDS 1200 sample cell, a Dewar liquid nitrogen system, a computer, WinDETA data acquisition, and
evaluation software. In this research, the DPs of samples with different moisture and salt contents
were determined in the frequency band of 10 to 3000 MHz at four temperatures (5, 25, 45, and 65 ◦C).
The temperature was accurately regulated by the Quatro temperature control systems coupled to the
dielectric analyzer. Prior to measurement, the computer was switched on, as was the dielectric analyzer
to keep it in a stable state. The cylindrical sheets were then sandwiched between the parallel electrodes
and installed in the sample cell that could be immersed in a nitrogen environment to condition the
tested samples to the set temperatures prior to each detection. The samples were first gradient frozen
(10 ◦C min−1) to 5 ◦C, the equilibrium was maintained at this temperature for 3 min, and then the DPs
were measured at intervals of 20 ◦C. Approximately 20 min was required for the temperature of the
tested sample to increase from one level to the next.

2.5. Power Penetration Depth

The penetration depth (dp) refers to the quantitatively determined effective acting distance (in
meters) between the MW or RF power and materials, where an incoming power intensity is decreased
to 1/e (e = 2.7182) of its amplitude transiting the surface. The dp can be calculated using Equation (1):

dp =
c

2π f

√
2ε′[
√

1 +
(
ε′′
ε′
)2 − 1]

(1)

where c represents the speed of light in a vacuum (3 × 108 m s−1), f represents the frequency (Hz), and
ε′ and ε” are the permittivity and loss factor, respectively. The dp of the pecan samples was calculated
according to the measured dielectric data at optional frequencies, temperatures, moisture contents,
and salt contents.

2.6. RF Heating Process

Further research is needed to provide engineering insights into the implications of these DPs
for the RF heating process, and we are seeking to explore the relationship between DPs and the RF
heating process in which the heating rate of pecan is investigated as the consequence of those dielectric
properties for an RF heating process, using both experiment and simulation. A 6 kW, 27.12 MHz
parallel plate RF system (SO6B, Strayfield International, Wokingham, UK) was used in this research.
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The RF system includes a pair of parallel electrodes, controller, and RF cavity. The RF power of the
system can be changed by adjusting the electrode gap between the upper and lower plates (90–190 mm)
to achieve different heating rates for the material. An electrode gap of 150 mm was selected during
5 min RF heating. The pecan samples (3 kg) with different moisture levels (10%, 15%, 20%, 25%,
and 30% wb) were successively placed in the polyethylene container on top of the bottom (ground)
electrode for dielectric heating, where the stacked height of the sample should be less than the dp. The
temperature increase at the central position of the heated sample was monitored using a fiber optical
temperature sensor system (HQ-FTS-D1F00, Heqi Technologies Inc., Xian, China).

When the sample is heated in the RF cavity, the RF electric field acts as a heat source and leads to
heat transfer inside the material. The heat transfer equation during RF heating can be calculated by
Equations (2) and (3):

∂T
∂t

=

2π· f ·ε0·ε′′ ·
∣∣∣∣∣ ⇀Em

∣∣∣∣∣
2

ρ·CP
(2)

| ⇀Em| = V
2
√(
ε′d0 + dp

)2
+ (ε′′d0)

2
(3)

where T is the temperature increase in the material (◦C); t is the temperature rise time (s); f is the
frequency (Hz); ε0 is the the dielectric constant of free space (8.854×10−12 Fm−1); E is the electric field
intensity (Vm−1); Cp is the specific heat of material (J·kg−1C−1); � is the density of the material (kg m−3);
V is the voltage between the electrodes; d0 is the air gap from the top electrode plate to the upper
surface of samples; and dp is the height of the sample. Equation (2) shows that T is proportional
to the material’s ε” and can be calculated by the measured ε” data. This increase in temperature is
theoretically attributed to dielectric heating in comparison with the experimentally measured increase
in RF heating.

A computer simulation model for solving coupled electromagnetic and heat transfer equations
based on the RF system was constructed using COMSOL software (V4.3a, COMSOL Multiphysics,
CnTech Co., Ltd., Wuhan, China). The modeling steps include creating FEMLAB (AC/DC) modules, a
geometrical model of RF systems, a heat transfer module, assigning initial and boundary conditions,
mesh creation and optimization, choosing solver, setting tolerance, and time steps, and solving inbuilt
convergence [29]. The measured DP value of pecan kernels was put into the heat transfer module to
solve the coupled heat transfer equations, and simulated temperature rise values of samples were
saved. The upper electrode voltage had a constant value of 6000 V with ±5% fluctuation. The mesh
system included 132,279 domain elements (tetrahedral), 10,874 boundary elements (triangular), 843
edge elements (linear), and 26 vertex elements. The direct linear system solver (UMFPACK) was used
with a relative tolerance and absolute tolerance of 0.01 and 0.001, respectively, with the initial and
maximum time steps of 0.001 s and 0.1 s. These computer simulations were performed by a Dell
workstation (Dell, Inc, Texas, USA) with 8 GB RAM running a Windows 10 64-bit operating system
(Microsoft Corporation, Albuquerque, USA).

3. Results and Discussion

3.1. Frequency-Dependent DPs

Figure 1 displays the semilog plot of ε′ and ε” as functions of the frequency at different moisture
contents and temperatures. At moisture contents of 10 and 30% wb, both ε′ and ε” displayed a
nonlinear decrease with increasing frequency characterized by a rapid decrease in the frequency band
(10 to 300 MHz), followed by a slow decrease in the intermediate and high frequency band (300
to 3000 MHz), and this nonlinear decrease was more pronounced for increased temperatures and
moisture contents. Ionic conduction is considered to be the predominant polarization mechanism at
low frequencies, and the strengths gradually diminish with increasing frequency [22]. At a constant
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frequency, a high temperature resulted in high DP values, whereas at a constant temperature and given
frequency, a high moisture content caused high DP values (Figure 1). This behavior can be explained by
the fact that a high temperature and moisture content improve the ionic mobility and dipole rotation,
which result in increased DP values [30]. However, at a low moisture content of 10%, all the ε′ and ε”
values of the pecan kernels were less than 8 at any measured temperature. Similar DP values were also
observed by Wang et al. [31] for walnut kernels at moisture contents of 7.5% wb, from 1 to 1800 MHz.
This result may be attributed to the high fat contents of pecan kernels, as shown in Table 1.

Figure 1. Frequency-dependent dielectric constant (ε’) and loss factor (ε”) of the pecan kernels at four
temperatures and moisture contents of 10% and 30%.

3.2. Moisture- and Temperature-Dependent DPs

The 3D plots of DPs at 27, 40, 915, and 2450 MHz are presented for pecan kernels with a moisture
content range of 10−30% wb and a temperature range of 5–65 ◦C in Figures 2 and 3. Overall, both
the ε′ and ε′’ values of the pecan kernel samples in the RF range were significantly larger than those
in the MW frequency range. At a certain frequency, an increase in the temperature and moisture
content resulted in significant increases in ε′ and ε”, although the values increased more in the high
temperature and moisture content range. For instance, at 27 MHz, when the moisture content increased
from 10% to 30% wb, ε′ increased from 3.08 to 5.51 at 5 ◦C, from 6.67 to 18.01 at 45 ◦C, and from 8.09 to
20.39 at 65 ◦C. For the same moisture content and frequency, ε” increased from 0.37 to 1.05 at 5 ◦C,
from 5.15 to 13.06 at 45 ◦C, and from 7.85 to 25.86 at 65 ◦C. Compared with the values of the DPs in the
RF range, the DPs at 980 and 2450 MHz (MW frequency) had much lower values for the same moisture
and temperature levels. The same tendency has been observed at a given frequency in pistachio and
peanut kernels [23,24], where the DPs at a high moisture content and temperature had significantly
larger values than those at low moisture and temperature.
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Figure 2. Three-dimensional representation of the dielectric constants of the pecan kernel as functions
of the moisture content and temperature at frequencies of (a) 27, (b) 40, (c) 915, and (d) 2450 MHz.

Figure 3. Dielectric loss factors of the pecan kernel samples as functions of the moisture content and
temperature at frequencies of (a) 27, (b) 40, (c) 915, and (d) 2450 MHz over a moisture content range of
10–30% wb and a temperature range of 5–65 ◦C.
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The pecan kernel samples included a mixture of constituents with different dielectric behaviors
and DPs. Due to the polar nature and solvent effect of water molecules, the DP values (ε′, 80.4)
were much larger than those of other matter; thus, the water molecule was the main dipole that
was most responsible for the dielectric heating of materials. The water in the nut samples was
mostly present in the form of free and bound water, in which the dipole polarization aroused by free
water was considerably larger than that caused by bound water. In low-moisture nut kernels, most
water molecules exist in the state of bound water in combination with proteins or carbohydrates [23].
Therefore, ε′ and ε” were very low, irrespective of the temperature and frequency. As the moisture
content increased from 10% to 30% wb in the sample, the amount of free water, the ionic conduction,
and the bulk density increased. All of these parameters contributed to the increase in the values of
the DPs [32]. As displayed in Figure 3, the ε′ and ε” values of the pecan kernels in all RF and MW
bands increased more remarkably with an increase in the moisture content at 65 ◦C than at 25 ◦C. The
increasing temperature caused an increase in the thermal motion of the molecules and a decrease in
the viscosity of the heated material [17]. Thus, the ionic conductivity increased.

In a batch RF or MW drying process of pecan kernels, the increase in ε” with an increased
moisture content may lead to a potentially beneficial phenomenon, which is commonly referred to
as the “moisture leveling effect” [30]. The high-moisture areas in the pecan samples could absorb
increased electromagnetic energy and be heated preferentially. Thus, a faster heating rate and higher
temperature would result in the high-moisture areas than in the low-moisture areas. Consequently,
more water vaporization occurred in the high-moisture areas than in other areas, which finally led
to a relatively uniform moisture content in the dried product. Conversely, the increase in ε” with
increasing temperature may lead to a situation called “thermal runaway” when drying through
dielectric heating [22,33]. Areas with high temperature have a large ε” value, which results in dielectric
heating, which in turn causes more hot spots. This run-away phenomenon may lead to an increased
vapor pressure gradient that promotes water migration from the inner part of the kernel to the surface
of the sample. However, a very high temperature would adversely affect product quality. To avoid a
very high temperature in dielectric heating, effective approaches should be taken to maintain a balance
between the electromagnetic field input and energy output, such as surface air flowing in association
with internal dielectric heating.

3.3. Regression Models for the DPs of Pecans

The polynomial regression models simulating the relationship between DPs of the pecan nuts and
the temperature and moisture contents at frequencies of 27, 40, 915, and 2450 MHz are presented in
Tables 3 and 4. Quadratic polynomial regression equations are the most suitable option for associating
DPs with the temperature and moisture content. An analysis of variance was performed to test whether
the temperature and moisture content had significant influences on the polynomial regression models
(Tables 5 and 6). The linear term and interaction terms of Moisture content (M) and Temperature (T)
had significant effects on the models (p < 0.05). All the models exhibited a good fit with the data at a
significance level of p < 0.0001, with a coefficient of determination (R) higher than 0.9819. These results
indicate that the polynomial models could be used to precisely predict the ε′ and ε” values of the
pecan kernels in a known moisture content range of 10–30% wb, a temperature range of 5–65 ◦C, and
four specific frequencies.
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Table 3. Regression equations for the dielectric constants of the pecan kernels as functions of the
moisture content (10% ≤M ≤ 30%) and temperature (5 ◦C ≤ T ≤ 65 ◦C) at specific frequencies.

Frequency
(MHz)

Dielectric Constant (ε′)

27 ε′ = 5.165 − 0.325M + 0.022T + 0.009M2 − 0.001T2 + 0.01M·T (2)
40 ε′ = 5.254 − 0.321M + 0.007T + 0.008M2 − 0.001T2 + 0.009M·T (3)

915 ε′ = 5.615 − 0.301M − 0.107T + 0.007M2 + 0.001T2 + 0.009M·T (4)
2450 ε′ = 5.151 − 0.255M − 0.178T + 0.005M2 + 0.002T2 + 0.008M·T (5)

Table 4. Regression equations for the dielectric loss factors of the pecan kernels as functions of the
moisture content (10% ≤M ≤ 30%) and temperature (5 ◦C ≤ T ≤ 65 ◦C) at specific frequencies.

Frequency
(MHz)

Dielectric Loss Factor (ε”)

27 ε” = 3.649 − 0.245M − 0.238T + 0.003M2 + 0.003T2 + 0.014M·T (6)
40 ε′ = 3.318 − 0. 215M − 0.218T + 0.003M2 − 0.003T2 + 0.013M·T (7)

915 ε” = 1.153 + 0.004M − 0.177T − 0.002M2 + 0.002T2 + 0.007M·T (8)
2450 ε” = 1.125 − 0.031M − 0.153T − 0.001M2 + 0.002T2 + 0.006M·T (9)

Table 5. Significance of the probability of the regressed models in Equations (2)–(5) for the pecan kernel
samples at four specific frequencies.

Variance
and R

27 MHz
(2)

40 MHz
(3)

915 MHz
(4)

2450 MHz
(5)

M <0.0001 <0.0001 <0.0001 <0.0001
T <0.0001 <0.0001 <0.0001 <0.0001

M2 0.1560 0.0523 0.0579 0.3928
T2 0.0654 0.2180 0.0904 0.0062

M × T 0.0460 <0.0001 0.0065 0.0062
Model <0.0001 <0.0001 <0.0001 <0.0001

R 0.9787 0.9801 0.9752 0.9419

M, Moisture content; T, Temperature.

Table 6. Significance of the regressed models in Equations (6)–(9) for the pecan kernel samples at four
specific frequencies.

Variance
and R

27 MHz
(6)

40 MHz
(7)

915 MHz
(8)

2450 MHz
(9)

M <0.0001 0.0029 <0.0001 <0.0001
T <0.0001 0.0009 <0.0001 <0.0001

M2 0.0005 0.0523 <0.0001 <0.0001
T2 0.6775 0.7083 0.5121 0.7620

M × T <0.0001 <0.0001 <0.0001 0.0002
Model <0.0001 <0.0001 <0.0001 <0.0001

R 0.9753 0.9730 0.9850 0.9897

3.4. Effect of the Salt Levels on DPs

The DPs of the pecan kernels with different salt levels were measured at frequencies of 27, 40,
915, and 2450 MHz in the temperature range from 5 to 65 ◦C, as listed in Table 7. For a certain
temperature, ε′ did not exhibit an obvious change with increasing salt concentration, whereas ε”
increased significantly with increasing salt level, especially in the RF band. The nonsignificant effect
of salt on ε′ is in accordance with the observations presented by other researchers for various food
materials [24,34,35]. The nonsignificant effect may be because the added salts can decrease the water
activity and diminish the polarization characteristics [25]. In this research, the addition of an electrolyte
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(NaCl) did not considerably affect ε′; however, the addition did have a marked effect on ε”. The
addition of salt to the material could trigger large-scale electrophoretic migration when placed in an
electric field, which would promote an increase in ε” by ionic conduction. The dielectric response of
salts is closely connected with the effective nuclear charge and depends on the volume and charge of
dissolved salt ions [25]. Ionic conduction mainly occurs in the RF range, and dipole rotation is the main
functional mechanism of dielectric heating in the MW range [36]. The addition of salt addition provides
an increased contribution to the development of ionic conduction in the RF range; thus, the increase in
ε” was higher at 27 and 40 MHz than at 915 and 2450 MHz; for instance, when the salt concentration
increased from non-salted to strongly salted at 25 ◦C, ε” increased by 627% at 27 MHz and 390% at
915 MHz. Furthermore, significant increases in ε′ and ε” were observed over the temperature range of
5 to 65 ◦C for both the salt-enriched and non-salted samples at four frequencies. For samples with
salt, the ionic loss from electrophoretic migration increased with temperature. The variation of DPs in
terms of the temperature and frequency was similar for both the salted and non-salted pecan kernel
samples. The addition of salt significantly increased the values of ε”, which indicates the need to
develop a separate drying scheme for salted and non-salted pecan nuts.

Table 7. Dielectric properties of pecan nuts with different salt contents (moisture content: 15%).

Samples T (◦C)
Dielectric
Properties

Frequency (MHz)
2450 MHz

27 40 915 2450

No salt

5
ε′ ± SD 3.47 ± 0.03 3.38 ± 0.04 2.50 ± 0.05 1.77 ± 0.01
ε” ± SD 0.47 ± 0.01 0.44 ± 0.02 0.24 ± 0.01 0.11 ± 0.00

25
ε′ ± SD 8.97 ± 0.04 7.73 ± 0.06 4.66 ± 0.03 2.65 ± 0.07
ε” ± SD 3.35 ± 0.03 3.20 ± 0.01 1.71 ± 0.04 1.01 ± 0.02

45
ε′ ± SD 15.09 ± 0.08 17.53 ± 0.09 6.33 ± 0.06 4.18 ± 0.05
ε” ± SD 10.18 ± 0.04 8.58 ± 0.05 3.69 ± 0.06 2.78 ± 0.03

65
ε′ ± SD 20.01 ± 0.11 19.56 ± 0.09 8.57 ± 0.12 6.19 ± 0.08
ε” ± SD 15.19 ± 0.13 10.03 ± 0.14 6.96 ± 0.07 6.49 ± 0.10

Light-
salt

5
ε′ ± SD 5.32 ± 0.09 5.03 ± 0.07 3.82 ± 0.05 3.15 ± 0.04
ε” ± SD 1.28 ± 0.03 1.19 ± 0.06 0.86 ± 0.05 0.73 ± 0.04

25
ε′ ± SD 11.46 ± 0.13 10.07 ± 0.14 6.87 ± 0.08 5.33 ± 0.07
ε” ± SD 8.58 ± 0.05 7.34 ± 0.03 2.89 ± 0.02 2.55 ± 0.05

45
ε′ ± SD 18.93 ± 0.15 17.89 ± 0.17 8.35 ± 0.14 7.49 ± 0.13
ε” ± SD 15.23 ± 0.07 14.89 ± 0.07 5.96 ± 0.04 4.64 ± 0.05

65
ε′ ± SD 23.71 ± 0.27 22.15 ± 0.32 13.84 ± 0.18 11.15 ± 0.19
ε” ± SD 27.02 ± 0.11 26.85 ± 0.08 9.27 ± 0.05 9.12 ± 0.04

Medium-salt

5
ε′ ± SD 7.45 ± 0.14 7.23 ± 0.16 3.96 ± 0.13 3.66 ± 0.17
ε” ± SD 5.18 ± 0.06 5.04 ± 0.03 3.14 ± 0.05 3.02 ± 0.02

25
ε′ ± SD 13.97 ± 0.14 13.12 ± 0.15 7.94 ± 0.11 7.59 ± 0.07
ε” ± SD 14.96 ± 0.03 13.82 ± 0.06 5.15 ± 0.05 4.89 ± 0.04

45
ε′ ± SD 20.79 ± 0.28 20.24 ± 0.35 10.64 ± 0.17 9.08 ± 0.13
ε” ± SD 25.89 ± 0.09 22.33 ± 0.06 7.28 ± 0.03 7.04 ± 0.04

65
ε′ ± SD 27.43 ± 0.36 26.56 ± 0.25 14.81 ± 0.22 14.17 ± 0.18
ε” ± SD 34.83 ± 0.12 31.21 ± 0.09 13.14 ± 0.08 12.85 ± 0.07

Heavy-salt

5
ε′ ± SD 10.66 ± 0.12 10.14 ± 0.09 4.23 ± 0.04 3.97 ± 0.02
ε” ± SD 13.38 ± 0.06 11.15 ± 0.07 5.42 ± 0.05 4.25 ± 0.02

25
ε′ ± SD 15.48 ± 0.15 14.06 ± 0.11 8.39 ± 0.09 8.01 ± 0.08
ε” ± SD 24.26 ± 0.06 22.09 ± 0.06 8.29 ± 0.07 7.03 ± 0.05

45
ε′ ± SD 23.54 ± 0.23 22.78 ± 0.25 13.26 ± 0.17 12.87 ± 0.13
ε” ± SD 33.17 ± 0.11 28.89 ± 0.13 11.32 ± 0.08 10.13 ± 0.10

65
ε′ ± SD 29.37 ± 0.24 28.93 ± 0.27 15.78 ± 0.18 15.32 ± 0.16
ε” ± SD 47.96 ± 0.13 43.37 ± 0.08 15.41 ± 0.10 14.91 ± 0.07

36



Foods 2019, 8, 385

3.5. Penetration Depth

The power dp computed from the measured ε′ and ε” of the pecan kernels at four frequencies,
four temperatures, five moisture contents, and three salt levels is listed in Tables 8 and 9. The dp in the
RF range was considerably higher than that in the MW range, and the dp decreased with increasing
temperature and moisture content. For instance, the dp at 27 MHz was distributed from 1339.26 to
31.89 cm for the pecan kernels depending on the kernel moisture content and temperature, whereas the
dp at 915 MHz was distributed from 47.29 to 7.15 cm. As the moisture content of the pecan samples
increased from 10% to 30% wb, the dp decreased from 707.56 to 94.3 cm at 45 ◦C and 27 MHz. As the
temperature rose from 5 to 65 ◦C, the dp decreased from 382.88 to 58.94 cm at 40 MHz and a moisture
content of 20%. For salt-added pecan samples with a moisture content of 15%, the dp decreased with
increasing salt level. These results agree with those of previous reports on peanuts [23] and pistachio
kernels [24].

Table 8. Electromagnetic energy penetration depth for pecan nuts with different moisture contents.

T (◦C) M (%)
Penetration Depth (cm)

27 MHz 40 MHz 915 MHz 2450 MHz

5

10 1339.26 ± 21.43 856.58 ± 18.86 47.29 ± 2.38 24.23 ± 1.37
15 1021.34 ± 26.79 496.43 ± 13.76 34.3 ± 1.54 19.92 ± 1.29
20 712.56 ± 20.16 382.88 ± 9.43 26.23 ± 1.17 16.31 ± 1.07
25 397.75 ± 17.89 220.19 ± 11.87 19.21 ± 1.14 13.68 ± 0.86
30 272.74 ± 8.89 206.36 ± 13.69 15.83 ± 0.86 10.05 ± 0.65

25

10 949.54 ± 24.71 758.12 ± 17.89 39.83 ± 4.35 22.24 ± 2.14
15 607.56 ± 19.59 449.77 ± 14.36 26.53 ± 2.07 16.93 ± 1.69
20 357.19 ± 11.37 319.49 ± 12.76 21.42 ± 2.49 12.50 ± 1.32
25 287.35 ± 14.27 263.18 ± 8.63 17.75 ± 1.77 9.15 ± 0.68
30 169.94 ± 9.25 117.19 ± 6.52 13.66 ± 1.94 8.62 ± 0.63

45

10 707.56 ± 19.74 675.33 ± 15.47 32.69 ± 2.05 16.93 ± 1.36
15 424.49 ± 16.63 407.8 ± 14.33 22.99 ± 1.65 15.68 ± 1.17
20 207.93 ± 15.39 177.79 ± 7.12 17.73 ± 1.44 12.49 ± 0.95
25 153.88 ± 11.47 106.34 ± 6.26 11.96 ± 0.68 8.24 ± 0.69
30 94.3 ± 4.48 78.89 ± 2.78 13.84 ± 1.23 6.61 ± 0.52

65

10 249.42 ± 13.86 177.45 ± 9.93 21.87 ± 1.43 14.77 ± 0.78
15 129.86 ± 6.57 96.28 ± 7.26 16.22 ± 1.27 12.29 ± 0.63
20 84.79 ± 7.32 58.94 ± 4.37 12.58 ± 1.83 10.02 ± 0.59
25 55.34 ± 3.98 41.03 ± 2.55 9.94 ± 0.87 7.59 ± 0.48
30 31.89 ± 2.17 27.48 ± 1.18 7.15 ± 0.69 5.43 ± 0.28

Table 9. Electromagnetic energy penetration depth for pecan nuts with different salt contents.

Salt Sample T (◦C)
Penetration Depth (cm)

27 MHz 40 MHz 915 MHz 2450 MHz

Light

5 128.57 ± 4.54 101.75 ± 3.69 26.39 ± 1.89 18.17 ± 1.54
25 69.65 ± 3.87 42.79 ± 2.28 19.54 ± 1.23 12.28 ± 1.17
45 48.43 ± 3.25 31.65 ± 1.55 11.39 ± 1.64 8.64 ± 1.18
65 29.54 ± 1.87 20.35 ± 0.98 8.53 ± 1.09 6.32 ± 0.94

Medium

5 94.79 ± 3.65 66.79 ± 2.79 22.45 ± 1.25 15.26 ± 0.63
25 51.69 ± 2.36 38.54 ± 1.78 15.17 ± 1.07 10.19 ± 0.73
45 37.23 ± 1.65 21.97 ± 0.84 9.31 ± 0.89 7.26 ± 0.89
65 22.79 ± 1.23 16.29 ± 1.02 7.37 ± 0.67 6.11 ± 0.94

Heavy

5 63.88 ± 2.74 40.26 ± 1.59 18.46 ± 1.05 11.37 ± 0.44
25 42.69 ± 2.29 27.83 ± 1.34 13.65 ± 1.17 8.29 ± 0.72
45 29.43 ± 1.69 18.48 ± 1.27 8.14 ± 1.19 6.39 ± 0.49
65 13.76 ± 0.88 11.28 ± 1.19 7.02 ± 0.65 4.21 ± 0.83

The relatively shallow penetration depth at MW frequencies indicated that MW energy only
penetrates into the shallow layers of pecan kernels, which results in considerable surface heating. The
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high penetration depths in the RF range led to a relatively uniform distribution of the electromagnetic
field in the bulk mass of pecan kernels. Thus, the uniformity of heating was improved, which is
one of the most important advantages of RF heating compared with MW drying [37]. The actual
stacked thickness in a batch drying process of pecan nuts should be lower than 27 and 5 cm at 27 and
2450 MHz, respectively.

3.6. Comparison of Simulated and Experimental Heating Rates of Pecan Kernels

Figure 4 shows a comparison between the experimental and simulated temperature-time profiles
of pecan kernels with five moisture contents of 10%, 15%, 20%, 25%, and 30% during 5 min RF heating
with an electrode gap of 150 mm. It can be seen for all the tested samples that the simulation results
using measured DP values accorded with experimental test temperature profiles at five moisture levels.
Within the 5 min RF heating period, all heating curves were relatively linear, and the heating rates
of pecan kernels increased significantly (p < 0.05) with increasing moisture content from 10% to 25%.
However, the heating rate then decreased as the concentration increased from 25% to 30%. The 25%
sample had the highest heating rate (11.2 ◦C /min). Similar trends were also found by Zhang et al. [23]
for the heating rate of peanut kernels, in which the increase in moisture content resulted in increasing
ε”, which in turn caused an initial increase and then a decrease in RF heating rates. Jiao et al. [38]
reported that the maximum heating rate was reached when the values of ε′ and ε” were close to
one another.

Figure 4. Experimental and simulated temperature-time histories of pecan kernels with a moisture
content from 10% to 30% wb when subjected to RF heating for 5 min with an electrode gap of 150 mm.

4. Conclusions

The DP values of pecan kernels decreased with increasing frequency and increased with increasing
water content and temperature. The ε′ and ε” values of the pecan kernels decreased substantially
with increasing frequency in the measured RF range, whereas the values decreased gradually in
the measured MW range. The addition of salt led to marginal increases in ε′ but sharp increases in
ε”, especially in the RF range. At four specific frequencies, the relationship between the DPs and
the temperature and moisture content could be quantitatively described with a battery of quadratic
polynomial equations, which could be adopted to precisely predict the ε′ and ε” values from the
temperature and moisture content. The penetration depths of electromagnetic power in the pecan
kernel decreased sharply with increasing frequency, temperature, and moisture content. Consequently,
RF dielectric heating could provide relatively more uniform heating. Thus, RF dielectric heating is
especially suited for large-scale treatments.
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Abstract: In this study, novel spore pouches were developed using mashed potato as a food
model inoculated with either Geobacillus stearothermophilus or Clostridium sporogenes spores. These
spore pouches were used to evaluate the sterilization efficiency of Coaxially induced microwave
pasteurization and sterilization (CiMPAS) as a case study. CiMPAS technology combines microwave
energy (915 MHz) along with hot water immersion to sterilize food in polymeric packages. The spore
pouches were placed at pre-determined specific locations, especially cold spots in each food tray
before being processed using two regimes (R-121 and R-65), which consisted of 121 ◦C and 65 ◦C at 12
and 22 kW, respectively, followed by recovery and enumeration of the surviving spores. To identify
cold spots or the location for inoculation, mashed potato was spiked with Maillard precursors and
processed through CiMPAS, followed by measurement of lightness values (*L-values). Inactivation
equivalent to of 1–2 Log CFU/g and >6 Log CFU/g for Geobacillus stearothermophilus and Clostridium
sporogenes spores, respectively was obtained on the cold spots using R-121, which comprised of a total
processing time of 64.2 min. Whereas, inactivation of <1 and 2–3 Log CFU/g for G. stearothermophilus
and C. sporogenes spores, respectively on the cold spots was obtained using R-65 (total processing
time of 68.3 min), whereas inactivation of 1–3 Log CFU/g of C. sporogenes spores was obtained on the
sides of the tray. The results were reproducible across three processing replicates for each regime
and inactivation at the specific locations were clearly distinguishable. The study indicated a strong
potential to use spore pouches as a tool for validation studies of microwave-induced sterilization.

Keywords: microwave; sterilization; Geobacillus; Clostridium; spores; inactivation; thermal resistance;
Maillard reaction

1. Introduction

Any novel sterilization technology brings along the necessity to develop methods to ensure that
the coldest regions inside the food would receive enough treatment to achieve the inactivation of
microorganisms (mesophiles and thermophiles) to ensure food safety. Coaxially induced microwave
pasteurization and sterilization (CiMPAS) is an emerging thermal technology that combines hot water
immersion and microwave energy (915 MHz) to achieve sterilization in a shorter time as compared
to the conventional technologies [1,2]. Microwave sterilization technology, originally developed at
Washington State University [3], has been validated and accepted by the Food and Drug Administration
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(FDA) as a thermal sterilization for producing pre-packaged, low-acid foods [2]. CiMPAS model
consists of a hot water tank, a warm water tank a process vessel (with microwave outlets) and an electric
cabinet. The operation can be divided into four major steps namely, preheat, hot water treatment,
holding and cooling. CiMPAS technique can be controlled using various factors including the power
of the microwave, time of exposure and the cooling mechanisms. Microwave sterilization uses less
processing time as compared to conventional retorting and thereby the exposure of the nutrients in
food to high temperatures is reduced to allow better nutrient retention [1,2,4]. However, a challenge
with microwave sterilization is the non-uniform heating that could lead to the formation of cold spots
in the processed products [5,6]. The presence of cold spots or regions that have been less thermally
processed might result in incomplete bacterial inactivation. Hot or cold spots may also lead to uneven
cooking, consequent undesirable sensory properties and nutrient losses.

Cold spots in foods processed using microwave-induced sterilization technology have been
identified and reported using chemical markers [7,8] and temperature probes in previous studies [7,9].
Chemical markers, for example, products of Maillard reaction can serve as local time-temperature
integrators. Maillard reaction involves a reducing sugar (e.g., ribose) that condenses with a compound
possessing a free amino group (e.g., amino acid) to give a product (N-substituted glucosamine) that gets
further arranged to form an Amadori rearrangement product (ARP) followed by an array of chemical
reactions leading to the formation of compounds that impart the brown color [10]. One of these
products is the chemical marker M-2 (4-hydroxy-5-methyl-3(2H)-furanone), which has been reported
as an effective tool to monitor heating patterns of foods after microwave sterilization [10]. However,
until now, the microbial inactivation on these colder spots have not been investigated or reported.
Several microbial inactivation assays are required to ensure reproducibility and reliability [11,12].
A common method to test sterilization regimes is the use of spore strips [13,14] Several microbial
inactivation assays are required to ensure reproducibility and reliability [11,12]. A common method to
test sterilization regimes is the use of spore strips [13,14] that can be placed inside the sterilization
chamber. Though this has been used an effective way to monitor sterilization, it only indicates whether
the pre-determined spore numbers were either completely inactivated or not, hence either indicates
presence or absence of spores, but the surviving spores cannot be enumerated. Also, they cannot be
directly used for challenge testing in food for localized inoculation and recovery. Thermal processing
efficiency may also be monitored by the conventional way of inoculating whole trays of food with
specific strains of bacterial spores and subsequently measuring Log reductions. However, it is not
possible to recover these spores from unique locations post treatment within the bulk food and hence
the inactivation efficiency cannot be related to back to the spatial distribution of the cold spots.

To address this research gap, the current study investigated the use of spore pouches that were
developed using food model inoculated with bacterial spores packed in microwavable Cryovac BNB1
pouch (15 mm2) (Cryovac, Hamilton, New Zealand). These pouches could be placed at specific
target locations within the packaging trays filled with homogeneous food, followed by microwave
sterilization to recover and enumerate the spores that survive treatment. For the formulation of spore
pouches, two different typed strains of bacterial spores were used; Geobacillus stearothermophilus ATCC
12980 and Clostridium sporogenes spores NZRM 3052. The selection of two different spores was based
on the significant difference in their thermal resistance as per the previously reported D values, which
were also further confirmed in the current study. Decimal reduction time or D-value is defined as the
time required at any specific temperature to achieve inactivation equivalent to 1 Log CFU/mL of a
specific bacterial population [15]. D values at 121 ◦C for C. sporogenes have been reported as 0.5 and
0.6 min in phosphate buffer (pH 7.0) and carrot juice, respectively [16]. G. stearothermophilus spores
have been reported to have D values of up to 5.4 min at 121 ◦C in yeast extract media [17]. The thermal
resistance of these spores would also depend on their sporulation conditions and the medium in
which the inactivation takes place. Hence, spores were inoculated in mashed potato in the current
study instead of a diluent or buffer while being processed in CiMPAS to keep any specific effect on the
thermal resistance in consideration while interpreting the results. The main objective was to test the
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possibility of using spore pouches to evaluate sterilization efficiency of CiMPAS using inactivation
of spores at specific regions (cold spots) inside food packaging trays. The method used to identify
cold spots for spore inoculation was by comparing the difference in browning using the Lightness (L)
values, which indicate the formation of a chemical marker (M2) that is one of the products of Maillard
browning. As a case study, the CiMPAS system was operated in a manner to amplify inconsistencies
within and between trays.

2. Materials and Methods

2.1. Preparation of Spores

G. stearothermophilus ATCC 12980 spores were produced by a method previously described by
Sadiq et al. [18] with a slight modification. Briefly, an overnight culture was grown in tryptic soy broth
(TSB) at 60 ◦C for 24 h followed by spread plating 200 μL of the overnight culture onto the sporulation
agar plates. The sporulation agar plates (final pH 7.0) comprised of nutrient agar (NA; Difco) (13 g/L),
MgSO4·7H2O, (0.51 g/L), KCl, (0.97 g/L), CaCl2·2H2O, (0.2 g/L); MnSO4·H2O, (0.003 g/L), FeSO4·7H2O,
(0.55 mg/L) and additional agar (1.5 g/L). The inoculated plates were incubated for 14 days at 60 ◦C
followed by harvesting using cold sterile water (3 mL) by scraping the entire growth surface using
sterile L-shaped disposable plastic spreaders. The spores were harvested by centrifugation (8000× g,
10 min, 4 ◦C) and washed three times with autoclaved pre-cooled distilled water. The purified spore
stock suspended in distilled water was then stored at 4 ◦C for up to a maximum of 7 days until used.

C. sporogenes NZRM 3052 spores were cultured and in the same way [18] with a few modifications.
An overnight culture was grown in Fluid Thioglycolate (FTG) media (Fort Richards, Auckland New
Zealand) at 35 ◦C for 24 h in an anaerobic chamber followed by spread plating 200 μL on to tryptic
sheep blood agar (SBA) plates (Fort Richards, New Zealand). The plates were incubated in an inverted
position at 37 ◦C for 7 days in anaerobic chambers with anaerobic environment generator packs (BD
GasPak™ EZ pouch systems, Fort Richards, Auckland New Zealand) and an indicator strip (BBL™
GasPak™ Anaerobic Indicator Strip, Dry, Fort Richards, New Zealand). The colonies on the surface
of the agar were then scraped using the L-shaped spreader with cold sterile water (3 mL) to remove
the sticky portions. The slurry was then washed three times by centrifugation (8000× g, 10 min, 4 ◦C)
using distilled water. The spore suspension was stored at 4 ◦C in an anaerobic chamber until used.

2.2. Product/Food Model Formulation

Mashed potato (food model) was prepared as previously reported by Soni et al. [8]. In short, to
prepare 1000 g of mashed potato (food model), agar (Fort Richards, Auckland, New Zealand) (5 g) was
added to boiling water (830 g) and mixed using a cake mixer at medium speed for 2 min followed by
addition of potato flakes (150 g) while mixing continuously to avoid lumps. The mix was cooled to
60 ◦C, followed by addition of D-ribose (10 g) and lysine (5 g) and mixed for another 2 min. Ribose and
lysine (1 and 0.5%, respectively) have been reported to show formation of brown color with increasing
time in the presence of heat, which can be measured by colorimetry [8,19]. This final composition of
food model was left to cool in the room temperature for 10 min and then filled into packaging trays
(174 × 103 × 35 mm) to reach a total weight of 250 g, while excluding the weight of the tray (20 g).
Trays were then placed in microwavable Cryovac BNB1 pouches and sealed (23 MPa, 2 s) in a Multivac
C200 vacuum sealer and used for CiMPAS processing.

2.3. CiMPAS Processing

CiMPAS system (Coaxially induced microwave-pasteurization and -sterilization) as previously
described by Soni et al. [8] was manufactured by Meyer Burger Germany GmbH (Hohenstein-Ernstthal,
Germany) and the industrial microwave parts were manufactured by MUEGGE GmbH (Reichelsheim,
Germany). CiMPAS equipment used in the current study consists of a hot water tank, a warm water
tank a process vessel (with microwave outlets) and an electric cabinet. The operation can be divided
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into four major steps namely, preheat, hot water treatment, holding and cooling. The sealed trays with
mashed potato were placed in the CiMPAS carrier tray made up of polyether ether ketone (660 × 560
× 45 mm) which was then placed in the processing vessel (Figure 1) (filled with warm water with a
conductivity of 8.4 uS/cm) for processing. A schematic representation of mashed potato food model in
packaging trays placed in the carrier tray in the processing vessel is shown in Figure 1.

Figure 1. Schematic representation showing the mashed potato food model packed in the packaging
trays and arranged in carrier tray while kept immersed in hot/warm water inside the pressure vessel in
Coaxially induced microwave pasteurization and sterilization (CiMPAS).

For CiMPAS processing, two processing regimes R-121 and R-65 were chosen to determine if
spore pouches were able to indicate the difference in potential inactivation when processed through
two different temperatures, microwave power and, hence processing times. CiMPAS regimes R-121
and R-65 used hot water at 121 ◦C and 65 ◦C to simulate sterilization and pasteurization, respectively.
The carrier tray used here consists of 12 slots for packaging trays as shown in Figure 1. The detailed
steps in the processing regime R-121 are explained in Table 1. For R121, following the preheating step,
hot water (121 ◦C) was flushed into the vessel, microwave power was switched on at 12 kW, and the
carrier tray was moved back and forth through the antennae as seen in Figure 1 for 250 s (Table 1) and
the total processing time was 64.2 min.
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Table 1. The processing steps for R121.

Step
Number

Processing Step Time (s)
The Temperature
of the Vessel (◦C)

Transport
Speed (cm/min)

Number of
Passes

Microwave
Power (kW)

1 Pre-Pressurise ~70 na na na na
2 Preheat water in ~70 30 na na na
3 Preheat hold 1800 30 na na na
4 Preheat water out ~70 30 na na na
5 Hot water in and ~70 121 na na na

Microwave on 10 121 na na 12
6 Microwave + carrier drive 250 121 130 6 12
7 Hold time 330 121 na na na
8 Hot water out ~70 na na na
9 Cooling water in ~70 30 na na na
10 Cooling water hold 900 30 na na na
11 Cooling water out ~70 na na na na
12 Venting ~70 na na na na

Note: The temperature of the hot and warm water vessel was set at 121 and 30 ◦C, respectively. na = not applicable.

The detailed steps in the processing regime R-65 is explained in Table 2. For R-65 with hot water
at 65 ◦C was flushed into the vessel, microwave power was switched on at 22 kW and the carrier tray
was moved back and forth for 500 s (Table 2) and the total processing time was 68.3 min.

Table 2. The processing steps for R-65.

Step
Number

Name of the Processing
Step

Time (s)
Temperature of the

Vessel (◦C)
Transport

Speed (cm/min)
Number of

Passes
Microwave
Power (kW)

1 Pre-Pressurize ~70 na na na na
2 Preheat water in ~70 30 na na na
3 Preheat hold 1800 30 na na na
4 Preheat water out ~70 na na na
5 Hot water in ~70 65 na na na

Microwave on 10 65 na na 22
6 Microwave +carrier drive 500 65 130 12 22
7 Hold time 330 65 na na na
8 Hot water out ~70 na na na
9 Cooling water in ~70 30 na na na
10 Cooling water holding 900 30 na na na
11 Cooling water out ~70 na na na na
12 Venting ~70 na na na na

Note: The temperature of the hot and warm water vessel was set at 65 and 30 ◦C, respectively; na = not applicable.

CiMPAS regimes namely R-121 and R-65 could each only accommodate one carrier tray consisting
of 12 packaging trays at a time (Figure 1). For both the regimes, as the final step cooling water (30 ◦C)
was flushed into the vessel to cool the product. Processed packaging trays were removed from the
carrier tray and placed into the chiller (4 ◦C) overnight before analysis. Samples were collected from
three processing runs conducted on three different days separately for colorimetry and challenge testing.
Controls were exposed to similar storage conditions except CiMPAS processing. Each processing
run consisted of 12 samples and one control. The composition of mashed potato was not different in
control; however, controls were not processed through CiMPAS and hence were untreated but were
maintained at similar storage conditions along with samples for a direct comparison. The use of 12
trays for each processing run was entirely due to the machine set up where one carrier tray (Figure 1)
consists of 12 slots, and hence to understand the spatial distribution of the processing effect, all the 12
slots were utilized.

2.4. Identification of Cold Spots for Inoculation by Colorimetric Analysis and High-Pressure Liquid
Chromatography (HPLC) Analysis of Chemical Marker 4-hydroxy-5-methyl-3(2H)-furanone (M2)

After processing using CiMPAS, each tray was divided into nine different locations on the surface
as previously described [8]. The lightness (*L values) were recorded using a Minolta CR20 colorimeter
(Minolta Camera Co., Osaka, Japan) and using *Lab (CIELAB) space as previously reported [19,20].
The coldest spot on each tray was identified as the location with the significantly highest L values
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(p < 0.05) as the L-values reduce significantly as an effect of the increase in time when subjected to
thermal treatment [8]. The increase in the brown color formation and hence the decrease in *L values
has been previously validated using a kinetic study using oil bath set up at 121 ◦C [8]. To further verify
the concentration of the chemical marker M2 at the cold spot, high-pressure liquid chromatography
was used as previously described [9]. Mashed potato (food model) samples (1 g) was scooped out
from the apparent cold and hot spots and were carefully ground using a mortar and pestle with an
extraction buffer (10 mM sulphuric acid and 5 mM citric acid). The extracts were collected and stored
overnight in a freezer (−18 ◦C), then thawed at room temperature before being centrifuged for 10 min
at 10,897× g. The supernatants were collected and centrifuged again twice more to remove any debris,
followed by filtration using a PTFE syringe filter (0.2 μm pore size) before being analyzed by HPLC.
An Agilent 1100 HPLC system (Agilent Technology, Santa Clara, CA, USA) with diode array detector
and an acid-fast analysis column (Bio-Rad Laboratories, Hercules, CA, USA) was used with a mobile
phase flow rate of 1 mL/min. Absorbance was determined at 285 nm and a calibration curve was
developed using the commercially available standard of M2 (Sigma, Castle Hill, NSW, Australia) with
a concentration range of 0.0–1.4 mg/mL to interpolate the unknown concentrations of M2 in mashed
potato (food model) extracts.

2.5. Estimation of Thermal Resistance at 121 ◦C (D Values) of C. sporogenes and G. stearothermophilus Spores

2.5.1. Estimation of Decimal Reduction Time for C. sporogenes and G. stearothermophilus Spores in
Milli-Q Water

An aliquot (50 μL) of the spore suspension in Milli-Q water was added to glass capillaries (diameter
of 1.8 mm, length 70 mm), which were heat-sealed and immersed in Digital High-Temperature Oil Bath
(Interlab, Wellington, New Zealand) pre-set at 121 ◦C as per the method described by Soni et al. [8].
The capillary tubes were removed from the oil bath at regular interval points (0, 2, 4, 6, 8 and 10 min)
and immediately transferred to an ice slurry to stop the thermal inactivation. The tubes were washed
once with a 90% ethanol solution and then twice with autoclaved distilled water before breaking the
capillary tubes and transferring their contents into 0.1% peptone solution (w/v) for serial dilution. The
number of spores present was determined by serial diluting the sample in 0.1% peptone and plating it
onto sheep blood agar plates in triplicates. The trial was carried out in three experimental and three
technical replicates. For C. sporogenes spores, capillary tubes were removed at a time interval of 1 min
starting from 0 to 6 min whereas, for G. stearothermophilus spores, the time points were at an interval of
2 min ranging from 0 to 10 min based on the difference in thermal resistance. The inoculated plates
were incubated and enumerated as described in Section 2.1.

2.5.2. Estimation of Decimal Reduction Time for C. sporogenes and G. stearothermophilus Spores in
Mashed Potato

C. sporogenes and G. stearothermophilus spores were separately inoculated in mashed potato to
achieve a final inoculum of ~107 and 106 CFU/g respectively. A digital high-temperature oil bath
(Interlab, Wellington, New Zealand) was set at 121 ◦C. The inoculated mashed potato (10 g) was filled
in oil bath capsules that were previously reported [8] and sealed followed by immersion for incubation
in the oil bath (121 ◦C) while making sure that there was no dripping or leakage from the capsules.
The come-up time for mashed potato was 4 min and capsules were then removed at specific time
intervals and transferred into ice-slurry for cooling down. For C. sporogenes spores, the capsules were
removed at a time interval of 2 min starting from 0 to 10 min whereas, for G. stearothermophilus spores,
the time points were at an interval of 4 min ranging from 0 to 16 min based on the difference in thermal
resistance. Three experimental replicates were conducted under the same setup once cooled down, the
surviving G. stearothermophilus spores in each sample were recovered by serially diluting and plating
onto tryptic soy agar (TSA) plates. The plates were incubated in an inverted position at 60 ◦C for 48 h
before the colonies on each plate were enumerated. C. sporogenes spores were serially diluted and
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plated onto tryptic SBA plates for enumeration. The plates were incubated in an inverted position at
37 ◦C for 48 h in anaerobic chambers (Section 2.1) followed by enumeration.

2.6. Inoculation of Bacterial Spores in the Food Model

For the challenge testing, G. stearothermophilus spores were inoculated using two methods: spot
inoculation (using pouches) and whole tray inoculation and C. sporogenes spores were tested only using
spot inoculation using spore pouches.

2.6.1. Spot Inoculation of G. stearothermophilus Spores in Pouches

The original microwavable Cryovac BNB1 pouch (70 Micron, 150 mm × 200 mm) was cut into
square-shaped pieces (15 mm2) and heat-sealed (HI Impulse Handsealer, Makmar, Auckland, New
Zealand) with a maximum sealing thickness of 0.15 mm and a seal width of 2 mm with a sealing time
of 2 s. Three sides of the pouch were sealed followed by placing 1 g of mashed potato (food model)
inoculated with G. stearothermophilus spores (106 CFU/g) followed by sealing the fourth side (Figure 2).

Figure 2. Microwavable pouch (Cryovac BNB1, Barrier Bag–70 Micron, 150 mm × 200 mm packages)
containing mashed potato (1 g) inoculated with G. stearothermophilus spores followed by sealing on the
four ends using HI Impulse Handsealer (Makmar, Auckland, New Zealand) with a maximum sealing
thickness of 0.15 mm and a seal width of 2 mm and a sealing time of 2 s.

These spore pouches were then placed in the desired locations inside the packaging tray already
filled with mashed potato food model for challenge testing. The target locations for the inoculation
were the cold spot on each tray that were pre-determined in Section 2.4. For each tray, the cold spot
was separately identified as the spot with significantly higher *L values (p < 0.05) after three CiMPAS
processing runs.

2.6.2. Inoculation of G. stearothermophilus Spores in the Whole Tray of Mashed Potato (Food Model)

For the homogeneous inoculation, 250 g of mashed potato (food model) was inoculated with 1.5 mL
of G. stearothermophilus spores (106 CFU/g), mixed for 2 s using a stomacher machine (Seward, Inc.,
London, England) followed by evenly spreading on to processing trays followed by packing and sealing
as described in Section 2.2. For both pouch and whole tray inoculation using G. stearothermophilus
spores, three processing replicates, were included, and three technical replicates used while plating
each dilution. The processing replicates refer to three individual CiMPAS processing runs for the
same regime that was conducted on separate days. Technical replicates refer to the use of three plates
for spread plating and recovery for each dilution in each sample being analysed. The same replicate
scheme was employed for the three studies.
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2.6.3. Spot Inoculation of C. sporogenes Spores

For the spot inoculation, C. sporogenes spores were inoculated in mashed potato and packed in
pouches to achieve an inoculum level of 107 CFU/g as described in Section 2.6.1. The spore pouches
inoculated with C. sporogenes spores were used for spot inoculation in three separate trials. Firstly, R-65
was used to identify the cold spot (highest *L value), medium heated spot (intermediate *L value) and
hot spot (lowest *L value) on each of the 12 trays. In the next trial, one spore pouch was placed each
at the hot, cold and medium heated spot inside the packaging tray filled with mashed potato (food
model) followed by CiMPAS processing by R-121 (Table 1), which took of a total time of 64.2 min. For
the second study, an inoculated pouch was placed on the coldest location (on each of the 12 packaging
trays) pre-determined by L-values (after R-65 in a previous run) followed by CiMPAS processing by
R-65 (Table 2), which took of a total time of 68.3 min. For the third study, four pouches inoculated
with C. sporogenes spores were placed vertically on the four sides/walls of each tray, followed by filling
with mashed potato (food model) to obtain a total weight of 250 g before being sealed as described in
Section 2.2 and processed via R-65. For each of these three studies, three processing replicates, were
included, and three technical replicates used while plating each dilution as described in 2.6.2 and the
same replicate scheme was employed for the three studies.

Whole tray inoculation trials were not conducted with C. sporogenes spores as ~7 Log reduction
in spore pouches were achieved using the preliminary trials and with the whole tray studies, the
inactivation would go below detection limit of 1 CFU/mL.

In summary, for challenge testing, G. stearothermophilus spores were subjected to both pouch and
whole tray inoculation and were processed through R-121. C. sporogenes spores were inoculated only
in spore pouches and subjected to microwave sterilization via R-65 and R-121.

2.7. Enumeration of Surviving Spores

To enumerate the surviving G. stearothermophilus spores in the pouches, each pouch was washed
thrice in autoclaved distilled water to remove any residual food sticking on the surface followed by
cutting on an edge using a sterile knife to empty the contents into a universal tube with peptone
solution (0.1%, 9 mL) (Fort Richards, Auckland, New Zealand). To enumerate the spores surviving in
mashed potato (food model) trays that were homogenously inoculated, the contents were first inverted
into a sterile stomacher bag (1000 mL) and a sterile L-spreader was used to scrape off any leftover
mashed potato (food model) for complete recovery. In both cases, the samples were mixed using a
stomacher machine (Seward, Inc., London, England) for 2 s followed by serially diluting (10−0 to 10−4)
and plating onto tryptic soy agar (TSA) plates. The plates were incubated in an inverted position at
60 ◦C for 48 h before the colonies on each plate were enumerated.

C. sporogenes spores were recovered using the same method where any food sticking on the surface
each pouch was washed thrice in autoclaved distilled water to remove any residues followed by cutting
on an edge using a sterile knife to empty the contents into a universal tube with peptone solution
(0.1%, 9 mL) (Fort Richards, Auckland, New Zealand) followed by serially diluting and plating onto
tryptic SBA plates for enumeration. The plates were incubated in an inverted position at 37 ◦C for 48 h
in anaerobic chambers (Section 2.1) followed by enumeration.

2.8. Statistical Analysis

Three processing replicates were used for the *L-value measurements to determine the coldest
spot for inoculation in subsequent trials. Once the cold spots were determined, three processing
replicates were included for the inoculation studies using both strains of spores and three technical
replicates were used for plating each sample. The significant differences among the L values and the
spore numbers were analyzed using one-way ANOVA followed by post hoc analysis using Tukey’s
test (Minitab, version 19). Microsoft Excel was used to compute the average and standard deviation
for graphical and tabular representation.
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3. Results and Discussion

3.1. Determination of Cold Spots for Microbial Innoculation

The cold spots in this study were determined using the difference in browning as a result of
Maillard reaction as an indicator of time-temperature exposure [21]. Maillard reaction involves a
reducing sugar (e.g., ribose) that condenses with a compound possessing a free amino group (e.g.,
amino acid) to give a series of reactions and products, that impart the brown color as a result of one of
the products called M2. Chemical marker M2 has been reported as an effective tool to monitor heating
patterns of foods in microwave sterilization [21].

The mashed potato (food model) showed a visual difference in the extent of browning as expected.
Lightness (*L) values were found to be the most appropriate method to identify the difference heat
exposure acquired by the surface of mashed potato (food model) as also previously reported [21]. The
identification of cold spots was done on the surface of the mashed potato (food model) on each tray
which was divided into nine spots for the measurement of *L values [8]. The coldest spot on each tray
was determined by analysing the results of three processing runs. Cold spots detected were different
for the two types of processing regimes at R-65 (Table 3a) and R-121 (Table 3b). Processing using hot
water at 121 ◦C showed uniform browning across the nine regions in each tray (p > 0.05) (Table 3b).

These results were in agreement with a previous study where the change in chemical marker
(M2) as measured indirectly by *L values had shown temperature sensitivity that fits the Arrhenius
relationship, which is a commonly used model to simulate the impact of temperature change on the
reaction rate constants [21]. At the same time, Bornhorst et al. [21] also showed that the change in color
or browning reached saturation after 100 ◦C due to a rapid rate of color formation. Similar uniform
browning was observed with the current study with R-121 and hence, the cold spots were determined
using a regime R-65 where the temperature of hot water was 65 ◦C. There was no significant difference
across the nine spots measured on the control tray. However, the difference in *L values (9 spots/tray)
post-processing in all the other trays (1–12) was due to Maillard reaction end products whose formation
and concentration is affected by thermal exposure. Though the *L values among the 9 spots after R-121
on each tray were not significantly different (p > 0.05) from each other, the regions showing the highest
and lowest *L value on each tray were further sampled (1 g) to be analysed using HPLC for the key
Maillard intermediate product M2. For example, for tray 1, spot 1 was the hot spot as it showed an *L
value of 55.1 ± 9.9 whereas the spot 3 was taken as the cold spot as it showed an *L value of 50.4 ± 1.7.
Similarly, from each tray the spot showing highest *L value was chosen as the cold spot and the spot
showing lowest *L value was taken as a hot spot. After HPLC analysis, the concentration of M2 was
found to be significantly higher (p < 0.05) at the hot spot in each tray as compared to the cold spot
(Figure 3b).
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Figure 3. Concentration of M2 (μg/g of mashed potato) at the hot spot (grey bars) and the cold spots
(black bars) determined on each tray (a) and visual representation of as an example of samples from
the cold spot (b) and hot spot (c) scooped out from a mashed potato tray after CiMPAS processing at
R-121. Similar letters among the bars indicate no significant difference (p > 0.05).

The accumulation of M2 was on the higher side on each hot spot as compared to the cold spot and
hence it was concluded that verified that the change in browning (though not significant, p > 0.05) is a
result of M2 formation and the lighter regions are still indicative of a cold spot for inoculation to check
the inactivation locally. In the current study, the L-values were analysed on the surface of the tray and
there is a possibility that the cold spots could be in the interior regions of the tray.

3.2. Thermal Resistance of C. sporogenes and G. stearothermophilus Spores in Mashed Potato and
Milli-Q Water

Decimal reduction time or D value is the exposure time required to achieve the killing of 90% or 1
Log CFU/mL of the living population of microbes at a predefined and controlled temperature [22].
Graphically, the D value is the inverse of the slope of the curve fitting the plot of the log10 value of
the number of living cells against time. The D121 ◦C values of C. sporogenes spores were found to
be 3.4 and 1.0 min in mashed potato and 0.1% peptone water, respectively (Figure 4a). On the other
hand, the D121 ◦C values were found to be 5.6 and 2.2 min in mashed potato and 0.1% peptone water,
respectively (Figure 4b).

The thermal resistance as evaluated at 121 ◦C for C. sporogenes, as well as G. stearothermophilus
spores, varied significantly when the medium of inoculation was different (p < 0.05). This agrees with
previous work by researchers, which indicates that the resistance of bacterial spores can be different
attributing to several conditions including the food composition [23–25]. The current results agree with
these previous indicates the importance of conducting a challenge test in food systems for validation.

3.3. Effect of CiMPAS on Inactivation of Spores

3.3.1. Inactivation of G. stearothermophilus Spores

G. stearothermophilus spores inoculated in pouches were placed in specific cold spots on each
packaging tray as shown in Figure 5a for the spot inoculation (Figure 5b) and the inactivation was
compared with the results from whole tray inoculation (Figure 5c).
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Figure 4. D121 ◦C values of C. sporogenes (a) and G. stearothermophilus (b) spores in autoclaved Milli Q
water (triangles) and mashed potato food model (dots).

All the trays showed inactivation within the detection limit of 2 Log CFU/g. The overall inactivation
range for spores inside the spore pouches placed on the coldest spot on each tray (Figure 5a) ranged
from 0.2 to 0.9 Log CFU/g (Figure 5b). On the other hand, the inactivation was equivalent to a range of
0.9 to 1.7 Log CFU/g when the whole trays with mashed potato (food model) were inoculated with G.
stearothermophilus spores (Figure 5c). Tray 6 showed a significantly higher (1.7 Log CFU/g) inactivation
of spores using the whole tray inoculation method as compared to all the other trays (Figure 5c). Using
pouch inoculation, significant differences among the 12 trays could be detected (Figure 5b) whereas
using whole tray inoculation, only tray 6 was different from the 11 other trays (Figure 5c). This further
indicates that inoculation using pouches at specific locations might enable the detection of differences
that the whole tray inoculation might not.
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Figure 5. Inoculation map for spore pouches (G. stearothermophilus), where the set up represents a
carrier tray with 12 packaging trays and the black squares shows the cold spot for pouch inoculation (a)
G. stearothermophilus spores surviving post CiMPAS processing (R-121) using pouch inoculation (b) and
whole tray inoculation (c) Different letters in each graph indicate a significant difference (p < 0.05);
na = Not applicable for control.
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Inactivation of G. stearothermophilus by microwave sterilization has not previously been reported.
One of the potential reasons would be the high thermal resistance of these spores, however, in the
current study, they were an effective indicator of the difference in inactivation attributing to the
thermal exposure.

3.3.2. Inactivation of C. sporogenes Spores by CiMPAS

The pouches containing mashed potato inoculated with C. sporogenes spores were placed on three
putative locations (including cold, hot and a spot that showed intermediate *L value) on each of the
12 processing trays. More than 7 Log reduction of C. sporogenes spores with a detection limit of 10
CFU/g was achieved post CiMPAS at R-121 on each of these three spots (Table 4). Since the D121 ◦C
values (or the time required for 1 Log reduction) of C. sporogenes spores could vary from 0.9–1.4 min,
which indicates that to achieve inactivation equivalent to 7 log CFU/g, these spots would have been
exposed to an equivalent temperature of 121 ◦C for 6.3–9.8 min. Enrichment analysis (data not shown)
indicated the presence of low numbers of survivors (1–10 CFU/g) in each tray.

Table 4. Inactivation of C. sporogenes spores at three different locations on each tray after Coaxially
induced microwave pasteurization and sterilization (CiMPAS) (R-121).

Tray Number Three Locations of
Inoculation from TABLE 3a

Number of C. sporogenes Spores (Log CFU/g)
First Location Second Location Third Location

Control 1, 5, 9 7.2 ± 0.1 7.3 ± 0.1 7.5 ± 0.1
Tray 1 1, 3, 6 nd nd nd
Tray 2 1, 2, 8 nd nd nd
Tray 3 3, 5, 8 nd nd nd
Tray 4 4, 6, 9 nd nd nd
Tray 5 2, 4, 9 nd nd nd
Tray 6 2, 5, 9 nd nd nd
Tray 7 3, 5, 6 nd nd nd
Tray 8 4, 6, 9 nd nd nd
Tray 9 4, 6, 9 nd nd nd
Tray 10 2, 5, 9 nd nd nd
Tray 11 2, 5, 9 nd nd nd
Tray 12 2, 3, 5 nd nd nd

Note: nd = not detectable with the detection limit of 10 CFU/g.

Inactivation of C. sporogenes spores has been previously reported using microwave sterilization
(915-MHz, 10-kW pilot-scale MW system developed at Washington State University) when inoculated
in pre-treated sliced beef (heated in boiling water with 0.5% salt) in gravy in 7-oz trays, where about 8
Log reduction was observed with F0 of 6 and 3 Log reduction with an F0 of 3 [26]. Since C. sporogenes
are less resistant as compared to G. stearothermophilus spores, they showed a much better level of
inactivation (>7 Log CFU/g), which is one of the requisites of commercial sterilization. Though the
inactivation was uniform (Table 4), to further see the actual difference between numbers, a different
CiMPAS regime with hot water at 65 ◦C but an increased number of passes to 12 and an increased
microwave power of 22 kW was used for processing mashed potato while inoculated with C. sporogenes
spore pouches in the coldest location as shown in Figure 5a. CiMPAS using R-65 showed significantly
lower inactivation of C. sporogenes spores as compared to R-121 as expected (Figure 6).
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Figure 6. Loci for inoculation for spore pouches (C. sporogenes), where the set up represents a carrier
tray with 12 packaging trays and the black squares shows the cold spot for pouch inoculation(a) C.
sporogenes spores surviving post CiMPAS processing in pouches inoculated at the coldest spot on each
tray after processing through R-65. Each bar represents the average e ± standard deviation (n = 9)
including three technical and three processing replicates. Note: Similar letters among the bars indicate
no significant difference (p > 0.05)

Tray 9 showed significantly higher inactivation in all three processing runs (Figure 6). The
consistency of results in three different processing replicates indicated that the heat distribution was
not variable enough to cause any difference in inactivation of C. sporogenes spores and pouches could be
used as an effective method when the inactivation potential at a particular location inside the food tray
needs to be evaluated. In a subsequent trial, to help understand thermal exposure at the walls/sides of
each tray, a pouch was placed in a vertical position against each of the four sides and processed using
the same regime (R-65) and the surviving spores were enumerated (Figure 7).

The inactivation of C. sporogenes spores at all four different sides of each tray in this study was an
assessment of any difference in thermal exposure. The results showed that the spore pouches placed
near the region coming in direct contact with water, for example, side 2 in tray 12, consistently showed
better inactivation (Figure 7). In this trial, the spore pouches were able to indicate the difference in
thermal exposure. Hence, the current study supports the possibility of using spore-inoculated pouches
and recovery of spores/vegetative cells to test the inactivation potential at quite precise locations.

The thermal resistance of G. stearothermophilus spores and C. sporogenes spores could significantly
vary in a wide range of food products. For example, D121 ◦C values of G. stearothermophilus can range
from 0. 9 to 8.5 min (average of 2.4 min) as determined after assessing the effect of different minerals,
sporulation conditions and 18 different spore strains [27]. On the other hand, C. sporogenes spores have
been reported to show a D121 value of 0.92 min in phosphate buffer [28]. D121 values of C. sporogenes
spores in food has been reported to range from 1.2–1.4 min in asparagus substrate acidified with
gluconolactone (GDL) [29] and 1.28 min in liquid (unnamed) media (pH 7.0) [30]. Mashed potato (food
model) is a semisolid food matrix, therefore was selected to understand the influence of the specific
matrix on the inactivation using CiMPAS. In the current study, the D121 values of C. sporogenes and G.
stearothermophilus spores showed a significant increase of 2.4 and 3.8 min when in mashed potato as
compared to Millli Q water, hence also supports this fact that the resistance would change based on the
matrix. Hence, each time a new model of food is tested, a validation study with microbial inactivation
should be separately conducted and for that purpose, use of spore pouches instead or alongside of
whole food inoculation would enable testing according to spatial mapping in food trays.
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Figure 7. C. sporogenes spores in pouches surviving the CiMPAS processing (R-65) when placed
vertically on four sides on each tray (1–12). Note: Similar letters among the bars indicate no significant
difference (p > 0.05)

Inactivation equivalent to >7 Log reduction of C. sporogenes spores using spore pouches as
observed in the current study indicates that a minimum of 6 min of average exposure at 121 ◦C was
received by each tray. In the current study, up to 2 Log reduction of G. stearothermophilus spores using
pouch inoculation also indicated that more than 6 min of average exposure would be attained by each
tray. Both these findings were consistently reproducible using the pouches that were inoculated with
spores in mashed potato (food model). The spores were inoculated in mashed potato just to ensure
the coverage of any food-induced masking or protective effect as it has been reported for milk, meat
and food with a high-fat content [31,32]. The findings indicate that placing these pouches inoculated
with the desired kind of bacterial spores might help to understand if there would be any inactivation
at colder regions inside the food tray in contrast to whole tray inoculation which cannot take the
worst-case scenario of the coldest spot in any tray. Pouches also have potential to be formulated with
different food matrix and different spore strains according to the requirements of the thermal regime
being analysed (after initial standardization trials).

For this study, the lightness values on the topmost layer were taken to indicate broadly the heating
experience of the food column below. However, the coldest spot could be somewhere in the mid-layer
of the tray. In future studies, lower layers of the mashed potato (food model) tray will be used as a
subject to measure cold spots.
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4. Conclusions

Bacterial spore pouches were developed as a method to evaluate thermal exposure on specific
locations inside food trays. Two strains of bacterial spores, with a significant difference in their thermal
resistance (D121 ◦C) were used in this study to evaluative the inactivation using CiMPAS as a case study.
CiMPAS regime in its research stage was deliberately chosen to give conditions generating variation in
thermal exposure that could generate cold and hot spots. A CiMPAS regime at 121 ◦C (6 passes, 12
kW) at 915 MHz, although not yet optimised, showed >7 Log reduction in C. sporogenes whereas a
similar treatment at 65 ◦C showed <2 Log reduction on the cold spots which were pre-determined
using the difference in color as a result of Maillard browning, where higher lightness values indicate
less heat exposure. Inactivation equivalent to 1–2 Log CFU/g of G. stearothermophilus was obtained
using the regime at 121 ◦C indicating that the spores in the pouches were inactivated based on their
thermal resistance and hence the pouch itself did not act as a restriction to mask any effect. Bacterial
spore pouches with food matrix inoculated with spores could be used as an effective analytical tool to
understand inactivation potential at specific location to understand spatial distribution effects. As
microwave sterilization is an emerging technology, this method could be effectively used as part of the
validation regime where non-uniform heating is an issue.
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Abstract: The model food in this study known as mashed potato consisted of ribose (1.0%) and lysine
(0.5%) to induce browning via Maillard reaction products. Mashed potato was processed by Coaxially
Induced Microwave Pasteurization and Sterilization (CiMPAS) regime to generate an F0 of 6–8 min
and analysis of the post-processed food was done in two ways, which included by measuring the
color changes and using hyperspectral data acquisition. For visualizing the spectra of each tray in
comparison with the control sample (raw mashed-potato), the mean spectrum (i.e., mean of region of
interest) of each tray, as well as the control sample, was extracted and then fed to the fitted principal
component analysis model and the results coincided with those post hoc analysis of the average
reflectance values. Despite the presence of a visual difference in browning, the Lightness (L) values
were not significantly (p < 0.05) different to detect a cold spot among a range of 12 processed samples.
At the same time, hyperspectral imaging could identify the colder trays among the 12 samples from
one batch of microwave sterilization.

Keywords: hyperspectral imaging; cold spots; microwave; sterilization; Maillard reaction

1. Introduction

Food processing technologies and sterilization regimes work best if they can provide uniform
heating across the food being processed. This would not only ensure consistency in delivering
quality parameters but would also make sure that each spot gets equal inactivation of any microbial
contaminants present to confirm the requisites of food safety. While conventional sterilization involves
heating food in cans or retort packages for a set period of time (121 ◦C at the coldest spot for
more than 5 min to ensure an F0 leading to 12 D (12 log cycle) reduction of Clostridium botulinum
spores) under pressure, they have been reported to have effects on the heat sensitive components
of foods [1–3]. Microwave pasteurization and sterilization is an emerging thermal technology that
combines preheating with hot water and microwave energy (915 MHz) to achieve sterilization in a
shorter time as compared to the conventional technologies [4,5]. This technology was initially developed
by Washington State University and 915 Labs with the funding provided by the US government and
specific food companies [6]. The apparatus used in this study and referred henceforth as the Coaxially
induced microwave-pasteurization and sterilization (CiMPAS) system was manufactured by Meyer
Burger Germany GmbH (Hohenstein-Ernstthal, Germany) and the industrial microwave parts were
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manufactured by MUEGGE GmbH (Reichelsheim, Germany). The regime involves a pre-heat cycle
that is employed to bring each sample into a uniform temperature before processing, which is followed
by bringing the temperature of the treatment chamber to 121 ◦C while holding for a pre-decided time
depending on the F0 targeted. This is followed by a cooling cycle as the last part. F0 is the approximate
time of exposure of the sample at 121.1 ◦C and this can be calculated using the actual exposure time at
a variable temperature, which is calculated for an ideal microorganism with a temperature coefficient
of destruction equal to 10 ◦C [7]. A well-reported challenge with microwave processing of food is
non-uniform heating [6,8,9]. This drawback has been reduced to a significant extent with sterilization
that combines moist heat with the microwave. However, new methods are continuously sought by
researchers to identify any non-uniformity in the processed samples. For example, this includes
non-destructive hyperspectral technology, chemical markers, and temperature loggers that could be
customized for use inside the food package [10–13]. Non-uniform heating might lead to effects on quality
and appearance along with concerns around food safety while minor variation might or might not be a
concern to food safety. It is worth detecting the least heated or cooked regions to ensure that these
spots receive enough heat to meet commercial sterilization requirements [13]. There are many ways to
understand non-uniform heating depending on the food products. This includes the measurement of
color change induced by thermal treatment, monitoring the concentration of heat sensitive products,
or measuring the inactivation of heat-resistant bacterial spores in food. However, each of these methods
have a few limitations and cannot be complete without another confirmatory assay. For example, time
temperature metallic sensors are expensive, might slightly interfere with the microwave heating [12],
and, depending on size, might not be able to cover all critical spots. Heat-sensitive chemical markers,
such as Maillard products, have been used for a long time to indicate heat profiles after processing [12,14].
However, these might have limitations above 100 ◦C to depict any change in color using colorimetric
assays due to limited sensitivity. Chemical marker M2 (4-Hydroxy-5-methyl-3(2H)-fura-none) is
one of the products of Maillard reaction among the three products that have been identified as
chemical markers namely 2,3-Dihydro-3,5-dihydroxy-6-methyl-(4H)-pyran-4-one(referred to as M-1)
and 5-Hydroxymethylfurfural (M-3) [15]. Kinetics of M2 has been validated and reported using the
mashed potato food model to identify cold and hot spots as a result of non-uniform heating (if any)
after Microwave-assisted thermal sterilization [15,16]. This method with a slight modification in the
composition of the food model has been used in this study to identify cold spots generated after
coaxially-induced microwave pasteurization and sterilization.

The principle of spectroscopy in the visible and near-infrared (Vis-NIR) spectral region is the
interaction of electromagnetic radiation with the sample, involving light absorption. Regular reflectance
(specular) where the light incident angle with the sample surface is equal to the angle at which it
is reflected means little or no interaction with the samples. External diffuse reflectance captures
information about the surface of the sample. In addition, light scattering is due to the interaction of
light with the sample [17,18]. The detection of the outgoing photons (as a result of scattering inside
of the sample) enables us to identify absorbing/scattering as well as the amount reflected (specular
and external diffuse). The balance of outgoing photons compared to incident photons is commonly
used as a measure of how much was lost by absorption and scattering as well as the amount reflected.
These processes are wavelength-dependent, which makes the use of the entire Vis-NIR spectrum a rich
source of information about the chemical and structural characteristics of samples. The combination of
Vis-NIRS with imaging techniques (hyperspectral imaging—HSI) enables scanning a region of interest
(ROI) with a Vis-NIR spectrum being acquired per pixel in that region [17,18].

HSI has the potential to be used to understand the properties of different food products and
non-uniform cooking that is no exception [19]. It offers an excellent option as it is a non-invasive
technology. This has previously been used to identify contaminants in fruits [20] and damages due to
handling in vegetables [21] contamination in poultry carcasses [22] and red-meat quality and safety
grading [17,18]. Recently, new HSI sensors, called snapshot HSI sensors, have been introduced with
advantages of low-cost systems, high-speed data collection (ability to work at the standard video
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rate), and completely portable systems. However, these sensors provide limited spectral features on a
short-range of wavelengths. Snapshot HSI systems showed success in many tasks in food processing
research such as in meat quality and safety [17,23], and fruit and vegetable classification [24].

In the current study, hyperspectral imaging has been used to identify cold spots in CiMPAS-treated
mashed potato and directly compared to the results of color changes due to a Maillard reaction after
microwave-induced sterilization. This study is also an attempt to confirm the consistency of this
method across three different processing replicates.

2. Materials and Methods

2.1. Mashed Potato Model Food Preparation

The mashed potato was prepared, as described by Bornhorst et al., [16] by replacing gellan gum
with agar and eliminating the addition of calcium chloride. In short, for every 1000 g of mashed potato,
20 g of agar (Roagar, New Zealand) was added to 830 g of boiling water and mixed using a cake mixer
at medium speed for 2 min. Then 150 g of mashed potato flakes were added while mixing to avoid the
formation of lumps. The mix was cooled to 60 ◦C, which was followed by the addition of D-ribose
(10 g) and lysine (5 g). This was then followed by mixing for another 2 min before being loaded into
each of the 12 trays until a weight of 250 g was reached. Trays were then placed in BNB1 pouches
(Cryovac, Hamilton, New Zealand) and sealed (230 mBar) in a Multivac C200 vacuum sealer (Multivac
NZ Ltd, Auckland, New Zealand) before loading on to the carrier tray in preparation for processing.

2.2. CiMPAS Treatment

To understand the possibility of detecting a difference in heat achieved at various locations,
the apparatus for coaxially-induced microwave pasteurization and sterilization (CiMPAS) technique
was used. CiMPAS goes through the three steps in the sterilization protocol, which include preheating,
hot water immersion, and microwaving followed by cooling. The CiMPAS tool was initially preheated
by running a heating program. Then the hot water vessel was stabilized at 130 ◦C and the warm water
vessel was stabilized at 30 ◦C, respectively, with a +/−0.5 ◦C tolerance on both. Packaged products were
then loaded into a carrier tray, which was placed in the tool and processed using the sterilization regime.
As the first step, the vessel was flooded with warm water at 30 ◦C for preheating the food products for
20–30 min. Following the preheating step, hot water was flushed into the vessel, microwave power
was switched on at 12 kW, and the carrier tray was passed through antennae for a set period. This was
followed by cooling water (30 ◦C) being flushed into the vessel to cool the product. Processed trays
were removed from the carrier tray and placed into the chiller (4 ◦C) overnight before analysis. Samples
were collected from three processing runs conducted on three different days separately for colorimetry
and HSI analysis. Controls were exposed to similar storage conditions except CiMPAS processing.

2.3. Hyperspectral Imaging System

A low-cost snapshot hyperspectral imaging system in the reflectance sensing mode was applied
for image collection. The snapshot HSI system, as shown in Figure 1, consisted of a sample
stage and a snapshot hyperspectral camera (MQ022HG-IM-SM4 × 4-VIS [3,12]), which acquires
data of 16 wavelengths in the spectral range of 466–639 nm, an illumination unit with a 70-watt
quartz-tungsten-halogen (ASD Illuminator unit) (Malvern Panalytical Ltd, UK), and computer running
image acquisition software (HS Imager) (Headwall Photonics, Massachusetts, USA). The distance
between the camera and the sample stage was set to 60 cm. This value was empirically assessed and
then synchronized with the camera by adjusting the exposure time and the frame rate of the camera
to 5.1 ms and 7 images/second, respectively, which resulted in images with a spatial resolution of
0.37 × 0.37 mm/pixel.
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Figure 1. Demonstration of the implemented snapshot hyperspectral imaging (HSI) system.

The exposure time of the camera was adjusted to prevent the saturation of the sensor. The threshold
to prevent the saturation is ‘511’ (i.e., any intensity over 511 is defined as saturated). The value of ‘511’
was estimated by the sensor’s manufacture based on size of each pixel in the sensor. The exposure
time was adjusted based on the measurement of white tile used as a white reference, which is
explained below.

Those configurations were used for collecting the raw HSI images R_0 followed by calibration of
the reflectance value as follows:

R =
(R_0 −D)

(W −D)
×C (1)

where R is a calibrated image, R_0 is the raw image irradiance, D is dark reference data of the
sensor, and W is the white reference data of the light source. The dark reference is a hyperspectral
image collected when the camera was closed with its cap. Similarly, the white reference is an
image of a standard white tile. These reference measurements are used to reduce the impact of

experimental variation in the setup and lighting source. The ratio (R_0−D)
(W−D)

defines a scale between
”zero” corresponding to a dark reference and “one” corresponding to a white reference. The scaler C
(equal to 511) is used to retrieve the original scale of the HSI sensor as “511” corresponds to a maximum
value for non-saturated pixels.

A collection of HSI images, by the implemented system, were acquired for each tray individually
in each processing replicate, which resulted in 36 HSI images including 12 images for each replicate.
These images were then processed as per Equation (1) for obtaining the reflectance values.

2.4. Image Segmentation

After obtaining the images in reflectance, image segmentation was performed to extract the (ROI).
The segmentation process includes several image processing operations including image thresholding
using a specific numerical value (reflectance intensity) at a particular wavelength (536 nm) to remove
the pixels that belonged to the background and then a set of image morphological operations for
removing the noisy pixels and maintaining the shape of the samples. The sequence of these operations
included closing, opening, filling holes, erosion, and dilation. The collected HSI images were masked
by these segmentation steps for obtaining HSI images with only return on investments (ROIs) for
further analysis (Figure 2).
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Figure 2. Return on investment (ROI) extraction processes for mashed-potato hyperspectral imaging
(HSI) images.

2.5. Colorimetric Analysis

Mashed potato model food samples (in trays) after CiMPAS processing were used for the
colorimetry analysis on the three different layers of the product inside. A meat slicer with a uniform
height was used to cut the middle slice and nine spots on each layer (top, middle, and bottom) were
mapped in each tray for measuring the change in color. The top and bottom layers were then excluded
after the preliminary assay as a heat/color pattern on both the top and bottom layer due to being in
contact with the immersion water at 12 ◦C showing uniform browning. The mid-layer, which was
more dependent on microwave penetration, was considered to be a better indicator. Each tray was
divided into nine different spots as represented by the dots in Figure 3. The change in color of the
samples was estimated using L*a*b* (CIELAB) color space using a CR20 colorimeter (Minolta, Osaka,
Japan). The aperture of the measurement tool was placed on the samples while taking care to avoid
any light penetration through gaps and a cling wrap transparent sheet was used to cover the aperture
to avoid liquid penetration into the lens. Calibration was done every time using a white tile before
a new sample measured. The lightness (*L values) using *L a B space was recorded as previously
reported [16,25]. The coldest spot was determined as the location with the highest (significant at 95%
confidence level) L value.

(a) (b) 

Figure 3. Tray configuration for colorimetric analysis (a), where the numbers indicate their position in
the processing tray and the arrow indicates the direction toward the waveguide. Division of each tray
into nine regions for measuring L values (b).

65



Foods 2020, 9, 837

2.6. Validation: Effect of Temperature Increase on Browning

For the kinetic study, Digital High-Temperature Oil Bath (Interlab, Wellington, New Zealand) was
set at 121 ◦C. To measure the come-up time, three capsules (Figure 4) with mashed potato and pre-set
TMI probes inserted were used.

Figure 4. Capsule set up for the oil bath work with the main parts.

Once the come-up time was determined, six capsules filled with mashed potato (15 g) were
immersed in the oil bath while making sure there was no dripping or leakage from the capsules.
Capsules were removed at an interval of 0, 2, 4, 6, 8, and 10 min. This was followed by immediately
cooling in an ice slurry to avoid any further reactions due to residual heat. Three experimental
replicates were conducted under the same setup. The change in color for each sample was estimated
as described in Section 2.5.

2.7. Data Analysis

2.7.1. Statistical Analysis of Images

Principal component analysis (PCA) is an established chemometric technique for dimensionality
reduction and visualizing HSI data [21]. In the current study, a PCA was used to visualize the variation
in the distribution of the heating pattern across the 12 trays, which were processed by one processing
run as one replicate. Three processing replicates were considered. By applying PCA to the data,
the two-dimensional data was converted into a two-dimensional matrix where each pixel can be
converted into one row of reflectance values. This was further used to obtain the Eigenvalues or
scores. To obtain a good fit into the PCA model, the average ROI for each image was not suitable
as it generated a spectrum for each tray that could not represent the spatial variation. As a solution,
super-pixel segmentation approaches have been previously used for converting the image into a set
of non-overlapped regions (super-pixels), where pixels in each region share the same spectral and
spatial (neighboring) information [26]. In the current study, a simple linear iterative clustering (SLIC)
algorithm [26] was selected and adapted for generating the overlapped regions in an HSI image, where
the Simple Linear Iterative Clustering (SLIC) algorithm was originally proposed for RGB images. In the
SLIC algorithm, super-pixels are generated by clustering pixels based on their spectral similarity and
proximity in the 2D plane of the image. The similarity is defined as the Euclidean distance in spectral
and spatial domains (spectral response + xy), where the spectral response is the pixel reflectance vector
(16 wavelengths) and xy are the coordinates of the pixel in the image plane. The Euclidean distance
in a spatial domain is normalized by the maximum distance between any two segments because the
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distance is not limited and depends on the image size. The algorithm takes two input parameters,
which include a desired number of clusters (superpixels) and compactness parameter to control the
shape of resulting clusters. In the clustering processes, the centers of clusters were initialized at regular
grid intervals in the image plane. Followed by this, in an iterative process, the cluster centers were
updated and the pixels belonging to a specific cluster were defined based on the similarity of cluster
centers and pixel values (i.e., reflectance vector and x-y coordinates).

In this study, the SLIC algorithm [26] was used for over-segmenting the extracted ROIs into a set
of non-overlapping regions (super-pixels) for each HSI image of the middle layer of the mashed-potato
(Figure 5) after CiMPAS processing. The desired number super-pixels and the compactness parameter
were set into 50 and 0.4, respectively. The values of these parameters were empirically selected to
obtain super-pixels that approximately covered only dark or bright pixels in the image. Importantly,
the large super-pixels (i.e., low number of super-pixels) could cover regions with mixing of dark or
bright pixels in the super-pixel, which could affect the analysis of identifying cold and hot regions
in the tray, while small super-pixels (i.e., high number of super-pixels) could increase the impact of
noisy pixels in the analysis. The mean spectrum of each segment was extracted and used for fitting the
PCA model and the HSI image of replicate 1 was used to fit the PCA model by using 600 spectra (on
average of 50 segments in each tray of the 12 trays) for covering both spatial and spectral information
of this replicate. The other trays were used for validating the results of the fitted PCA model.

. 

Figure 5. Non-overlapping regions of a mashed-potato HSI image.

2.7.2. Visualization

The impact of heating was investigated using heating map graphics. For generating these
heating maps, the fitted PCA model was used to project spectra corresponding to all pixels from each
hyperspectral image onto their PCA space. The color scale for this map was defined based on heat
treatment. Thus, the PCA scores corresponding to the control samples are defined as the zero (no heat
treatment). As a result, it is possible to define a direction of growth on values of scores regarding the
application of heat. For example, if the scores in a principal component for the control samples are
higher than the scores of samples in the heat-treated samples, it means the direction of heat application
corresponds to a decrease of score values and vice versa. To enhance the visualization of the effect of
heat treatment, the scores of heat-treated samples were re-scaled between 0 and 100, using a minimax
approach, where zero indicates the coldest regions while 100 indicates the hottest regions. In this case,
score values that are closest to values from control samples corresponds to ‘zero’ (lowest amount of
heat treatment) and those with score values furthest from values corresponding to control samples are
‘100’ (highest amount of heat treatment).
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2.7.3. Statistical Analysis of Colorimetry Results

The significant difference (p < 0.05) among the *L values (Lightness values) was estimated using
One-way ANOVA and then post hoc analysis at a 95% confidence level to see which values were
different from each other. This method was used to understand the average difference in L values
across 12 trays per replicate and to understand the difference between nine different regions that were
measured per tray. Three processing replicates were used separately, and three technical replicates
were averaged for analysis in each processing replicate.

3. Results and Discussion

The amount of heat penetration or distribution in food post CiMPAS processing depends on
several factors including (but not limited to) dielectric properties of food [27], which could be related
to the salt content [28], moisture content [29], and the waveguide distribution inside the treatment
chamber [15] along with the temperature of the immersion water and pressure. Browning through
a Maillard reaction has been reported to be an indicator of non-uniform heating [11]. However,
the drawback remains in the lack of sensitivity using colorimetric analysis, which reduces the limit
of detection. To improve the sensitivity, mashed potato samples were simultaneously analyzed by
hyperspectral imaging as well as by colorimetry (*L values). For the analysis, each processing replicate
was considered as a separate set of work and, for the data analysis, technical replicates were used.
This not only removed unclear normalization of the data but also helped to detect the variation in
regions across three replicates.

3.1. Kinetic Assay to Understand the Effect of Heat on Browning

The Maillard reaction has been reported as a reaction in which a reducing sugar (ribose) condenses
with a compound possessing a free amino group (amino acid) to give a condensation product, which is
an N-substituted glucosamine. N-substituted glucosamine further gets rearranged to form the Amadori
rearrangement product (ARP) [30]. This reaction depends on the pH. In neutral and acidic pH, it forms
a furfural whereas, in alkaline pH along with many other reactive fission compounds, it forms a
furanone. This is again followed by a range of chemical reactions, which can include cyclisation,
dehydration, retro-aldolisation, rearrangements, isomerization, and further condensations. In the final
stage, they form polymers called meladonins that lead to the formation of a brown color. Chemical
marker M-2 (4-Hydroxy-5-methyl-3(2H)-furanone) has been reported as an effective tool to monitor
heating patterns of foods in microwave sterilization [15,16]. However, to understand the browning at
different layers of the mashed potato gel, a firmer gel was formulated by increasing the concentration
of agar (2% of total volume). To verify the pattern of browning as an effect of an increase in time
of exposure at a pre-defined temperature of 121 ◦C, the kinetic assay was used. The come-up time
of mashed potato to match the temperature of the surrounding oil was found to be 4 mins, which
was estimated by averaging the time taken by three independent mashed potato samples to reach
121 ◦C (data not shown). There was no significant difference in the *L, *a, or *B values of mashed
potato before and after the come-up time. However, the color changed (visually toward browning
with an increase in exposure time at 121 ◦C (Figure 6a). The lightness (*L) values showed a significant
(p < 0.05) decrease and a linear reduction with time (R2 = 0.95) (Figure 6b). The *a axis represents the
green–red component with green in the negative direction and red in the positive direction. The *a
values showed a significant (p < 0.05) increase from 1.5 at time zero to nine after 10 min (Figure 6c).
The b* axis represents the blue-yellow component with blue in the negative direction and yellow in the
positive direction. The b values did not show an upward gradient where samples after four, six, eight,
and 10 min were not significantly different from each other, which indicated a saturation in values
(p < 0.05). This indicated that b values would not be an appropriate measure to understand the change
in color in mashed potato samples (Figure 6d).
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Figure 6. Mashed potato samples with M2 after exposure up to 10 min at 121 ◦C. The visual change
in color (a), change in *L values (b), change in *a values (c), and change in *B values (d). The similar
letters in each graph indicate no significant difference (p < 0.05).

This finding was in agreement with the previous report by Bornhorst et al. [16] when temperatures
up to 100 ◦C were taken into consideration. In the current study, the temperature tested was 121 ◦C
and visual dark browning was seen within 10 min.

Browning increased with exposure at 121 ◦C (tested up to 14 min, including come-up) and any
difference in heat exposure reflected as a change in color (Figure 6). While these findings indicated
that heat has a significant effect on browning, the next step involved the analysis of this effect on heat
generated by microwave sterilization.

3.2. Identification of Cold Spots Post CiMPAS Processing

The CiMPAS processing tray consists of 12 slots for trays where each tray containing 250 mg of
mashed potato after vacuum sealing. Each tray was first distributed into three layers: top, bottom, and
mid-layer. Each layer was assigned nine spots for measurement of the color change. The nine spots
on the mid-layer in each tray were measured and the average *L values (n = 9) per tray was used to
compare the 12 trays, which could be accommodated in one processing run. Initially, the average L
values of nine spots in each tray were compared to the average L values of each of the other 11 trays and
control. On the other hand, a comparison by colorimetry to identify browning can give us indicative
results for a tray but not for a large sample set. There was no significant difference among the L values
of the 12 trays and this was reproducible across three processing replicates (data not shown).

However, when the average *L values (n= 3 processing replicates) of the nine spots were compared
to each other in each tray and hot and colder regions were identified based on significantly (p < 0.05)
lower and higher *L values, respectively (Figure 7). Though there was a difference in heating patterns,
it was not significant enough to understand a colder region among the 12 trays of the processing vessel.
However, the colder spots on each tray were identified (Figure 3). These spots spanned both the outer
regions of the processing tray where the trays would encounter the surrounding water. Though the
water is at 121 ◦C most of the time, there is a preheating and cooling cycle, which holds the water
at 60 and 30 ◦C and this would explain why the browning indicated a difference on the outer sides.
To increase the sensitivity of the assay and to be able to look at the difference when all the 12 trays
were being compared, hyperspectral image analysis was used.
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Figure 7. Mid-layer analysis of each tray after processing at 121 ◦C. Similar letters indicate no significant
difference (p < 0.05).

3.3. Hyperspectral Image Analysis

The average spectrum of regions in the tray results from HSI presented in Figure 8, where a clear
difference between the control and heat treat samples is observed. Overall, control samples present a
higher reflectance.

Figure 8. Average spectra for 12 processed trays and one control of mashed potato.
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The scatter plot of scores from both principal component (PC) 1 and PC 2 are presented in Figure 9,
where it is shown that PC 1 captures the difference between control and heat-treated samples. In this
plot, the control samples present high positive values and heat-treated samples present negative values.
Thus, PC 1 was used to develop the heating maps. In this case, scores in PC 1 are close to zero and
correspond to areas least affected by heat-treatment, herein defined as cold, while scores in PC 1 that
are furthest from zero correspond to areas more affected by heat-treatment, herein defined as hot.
The visual representation that consisted of the hyperspectral data converted to a heat map clearly
showed a difference in the heating pattern within each tray as well as in the whole processing tray
consisting of 12 trays (Figure 9ic–iiic). The high variance described by the PC 1 (99.8%) suggests high
correlation among variables and/or high correlation among samples. This indicates a linear variation
in the concentration of pigments associated with the changes in color and that the ratio among these
pigments did not vary due to variation in the temperature of different regions in the sample.

Hyperspectral imaging was found to be time-efficient in data acquisition as compared to the
colorimetry and concurrently for increasing the limit of detection and ruling out wrong negatives due
to a huge variation of the colorimetry results (Figure 9i–iii).

Clearly and in agreement with the above statistical analysis, these plots show that, for all replicates,
the cold and hot spots are projected on the same location in the PCA space with the approximately same
distance from the control sample. For instance, in the first replicate (Figure 9i), tray 3 was subjected to
be the coldest region as per the average reflectance (p < 0.05) and PCA analysis. Similarly, in replicate 2
and 3, tray 1 and 2 were subjected as the coldest regions, respectively. These trays were close to each
other and near the door in the processing set-up, which also indicates that this would be the colder
region that accumulates less heat as compared to the regions away from the door.

Figure 9. Cont.
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Figure 9. Hyperspectral analysis of processing runs (i, ii, and iii): PCA plot (a) average reflectance
(b) and heat map (c) as a comparison of 12 trays (tray number 1 to 12 indicates its location in the
processing vessel), where the image c in each figure indicates ‘zero’ (lowest amount of heat treatment)
and ‘100’ (highest amount of heat treatment).

The observations support the potential to use a snapshot HSI imaging system for visualizing the
heating processes of the processed food like mashed potatoes, especially where colorimetry (*L values)
might not be sufficiently sensitive. Prediction of the colder regions through hyperspectral imaging
would not only indicate regions that could lead to a significant difference in sensory food attributes but
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can also be used as a tool to identify critical spots for inoculation of bacterial sterilization indicators,
which are required for validation of any thermal process. The results were also in agreement with the
previous study by Pan et al. [10], where HSI (400–1050 nm) was investigated as a method to identify
non-uniform regions post microwave sterilization and the results were comparable to those obtained
using an infrared (IR) thermal imaging technique. However, the food matrix itself can induce noise
in the results obtained. Hence, a comparison with control samples of each batch would help rule
false results.

4. Conclusions

Hyperspectral image analysis was successfully able to increase the limit of detection to identify
colder regions in the processing tray with 12 trays of mashed potato model food after CiMPAS
processing, while colorimetry could not identify these colder regions. This also confirms the use
of spectral modelling as a tool for cold spot detection. The results showed consistency in detection
when samples from three independent processing runs were analyzed. Hence, the detection of the
worst critical points via non-destructive HSI indicates the potential to identify critical colder spots,
which forms an essential part of ensuring the consistency of microwave-induced sterilization. It also
indicates a potential for research on modelling a wide range of food that cannot be formulated as a
model system or spiked with a heat-sensitive biomarker.
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Abstract: The popularity of senior-friendly food has been increasing as the world enters the age
of an aging society. It is required that senior-friendly food products are processed with the new
concept of processing techniques that do not destroy the nutritional and sensory values. Ohmic
heating can be an alternative to conventional heating methods for processing senior-friendly food
with retaining excellent taste and quality because of less destruction of nutrients in the food. In this
study, the ohmic–vacuum combination heating system was developed to process a multiphase type
of senior-friendly food. Changes in physical and electrical properties of senior-friendly model foods
were investigated depending on the experimental conditions such as vacuum pressure intensity
and vacuum pretreatment time. Numerical simulations based on the experimental conditions were
performed using COMSOL multiphysics. The ohmic–vacuum combination heating method with
agitation reduced the heating time of the model food, and non-uniform temperature distribution
in model food was successfully resolved due to the effect of vacuum and agitation. Furthermore,
the difference was found in the hardness of solid particles depending on the vacuum treatment time
and intensity after the heating treatment. The ohmic–vacuum combination heating system appeared
effective when applying for the senior-friendly foods in multiphase form. The simulation results
matched reasonably well with the experimental data, and the data predicted through simulation
could save the cost and time of experimentation.

Keywords: senior-friendly food; solid–liquid mixture; ohmic heating; vacuum

1. Introduction

The world’s older population has risen over the past few years. Especially, the number
of elderly people in Korea and Japan is set to grow at an unprecedented rate because
the fertility rate has been drastically decreased [1–3]. According to the portion of the older
population, it can be classified into aging society (7% or more), aged society (14% or more),
and super-aged society (20% or more) [4]. Japan already entered the super-aged society
in 2006, and the older population is expected to exceed 40% of the total population by
2050 [5,6]. Korea is also becoming an aging society. Since a large portion of the elderly
population suffers from eating disorders such as masticatory disorders, swallowing dis-
orders, and digestive disorders, they cannot take the essential nutrition from foods [7].
Eating disorders can inevitably lead to an unbalanced diet, which causes malnutrition in
the elderly population [8,9]. Malnutrition leads to a decrease in muscle and blood volume,
especially causing a rapid decrease in physical function [10,11]. An overall lack of energy
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can also lead to a vicious cycle of decreased appetite as vitality and activity decrease [12]. To
overcome the nutrient intake problem of the elderly people, the interest in senior-friendly
foods that can reflect the physical characteristics of elderly consumers and satisfy various
tastes is growing [13]. Senior-friendly foods refer to all kinds of food manufactured and
processed for the purpose of substituting general meals or keeping the body healthy for
the elderly people suffering from metabolic functions. Senior-friendly foods, which have
a strong characteristic of patient food, have been developed to satisfy the demand from
elderly consumers with an emphasis on maintaining taste and shape. Therefore, these
foods should focus on retaining food properties and nutrients during processing so that
elderly consumers can easily take enough nutrients.

Conventional cooking methods require long processing time and have difficulty
maintaining food quality such as flavor, aroma, texture and appearance [14,15]. In order to
process senior-friendly foods, it is necessary to develop new thermal processing technology
that enables proper sterilization (or pasteurization) while preserving nutrients in the food
through minimum thermal treatment [16]. Among food thermal treatment methods, ohmic
heating (OH) has been widely used for sterilization and pasteurization of heat sensitive food
products. Resistance heat can be generated inside the food product during OH by passing
alternative current through the food product with close contact to electrodes. Compared
with other thermal treatment methods (i.e., microwave heating, infrared heating), the OH of
single-phase food (liquid or solid phase food) can provide thermal uniformity enhancement,
high heating rate and energy conversion efficiency [17,18]. For high-temperature short-time
(HTST) sterilization of multiphase foods containing solid particles, OH allows large solid
particles to be simultaneously treated with liquid phase food, which was not possible using
conventional heat exchangers [19]. However, the OH heating rate significantly depends
on electrical conductivities of foods. Since non-uniform heating of multiphase during OH
can occur due to the differences of electrical conductivities between the solid phase and
liquid phase [20], it can lead to over or under-treatment of multiphase food, consequently
resulting in quality deterioration.

The ohmic–vacuum (OH–VC) combination heating method has not been well inves-
tigated [21]. During the OH of liquid phase food, the temperature of liquid continues
to rise until it reaches its boiling point [22]. To keep its temperature constant, the power
source must be controlled or some cooling medium must be applied during the heating pro-
cess [23]. However, by combining OH with vacuum, the boiling temperature of liquid can
be lowered [24]. When the liquid food reaches the boiling point, its temperature remains
constant as long as the vacuum pressure does not change [25]. The uniform temperature
distribution of multiphase food during OH–VC combination heating can be obtained by
controlling the boiling point of liquid phase food using a vacuum [16]. A vacuum com-
bination heating method can improve energy efficiency and the texture of the processed
product [26]. Controlling the exact temperature distribution of multiphase food plays an
important role in the OH process; however, it is complicated because of the heat transfer
between solid and liquid phases [27,28]. In order to determine the temperature distribution
of multiphase food in OH, a number of parameters should be experimentally evaluated and
complex numerical methods should be applied [29,30]. Magnetic resonance imaging (MRI)
temperature mapping was used to observe the temperature distribution of multiphase food
during OH [29,31]. Even though temperature distribution could be observed in real time,
the cost of MRI was relatively high and the additional space was required [27]. The use of
computational simulation can accurately predict temperature distribution of multiphase
food under OH [32]. Understanding the behavior of the OH process is essential to demon-
strate the correct reliability of the heating system and to the safety of the process [33].
Numerical modeling provides an insight into the heating behavior of OH [34]. Temporal
and spatial temperature distributions of multiphase food during OH can be provided from
the reliable numerical model [35].

This study was conducted to develop an OH–VC combination heating system for
processing senior-friendly food products consisting of solid particles and liquid, and to
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determine temperature uniformity of multiphase foods under OH–VC combination heating
depending on the presence of agitation. In addition, computational fluid dynamic (CFD)
models were developed to validate the multiphase food OH process with agitation. As far
as can be determined from the accessible literature, the CFD model for OH of multiphase
food with agitation was not attempted and developed.

2. Materials and Methods

2.1. Preparation of Model Food

The solution model food (base solution) used in this study was prepared by imitating
commercialized senior-friendly foods (2 types of soft diets (A, B), 3 types of liquid foods
(C, D, E), and 1 pudding food (F)). The constituents, viscosity, and electrical conductivity of
six different types of commercialized senior-friendly foods purchased from the local silver
food market were analyzed prior to preparing the base solution. The samples were stored
in 4 ◦C refrigeration condition. Samples were taken out at room temperature for 1 h before
the experiment, and the viscosity and electrical conductivity of the samples were measured
at room temperature (around 21 to 23 ◦C). The viscosity of the samples was measured by
using a viscometer (CL-L2, CAS, Inc., Seoul, Korea).

The electrical conductivities of the samples were determined using a custom-made
Teflon OH test cell (0.01 m in inner diameter and 0.1 m in height) consisting of food grade
stainless steel (SUS 316) electrodes (0.01 m in diameter) that were placed at both ends
of OH cell through a pair of spacers. During the electrical conductivity measurement,
the sample temperature was measured using a thermocouple (K-type KK-K-30, Omega
Engineering Inc., Stamford, CT, USA), which was inserted at the center of the sample
through a small hole on the surface of the OH test cell. The electrical conductivities of
samples were calculated by the following equation;

σ =
I
V
· L
A

(1)

where σ is the electrical conductivity (S/m), I is the current (A), V is the applied voltage (V),
L is the distance between the electrodes (m), and A is the contact area between electrode
and sample (m2).

The viscosity of the samples ranged from 20 to 160 cPs above 80% torque. The mea-
sured electrical conductivities of the samples as a function of temperature are summarized
in Table 1. Based on the measured viscosity and electrical conductivity of samples, the base
solution was made by using whole milk powder (Seoul milk, Seoul, Korea) and black bean
soup (Chung’s Food Co., Ltd., Cheongju, Korea). The mixing ratio of the base solution
was 1 (whole milk powder) to 6 (black bean soup). The viscosity of the base solution was
100 cPs at over 80% torque, and the electrical conductivity of the base solution was linearly
increased with increasing temperature (Table 1).

Table 1. Electrical conductivities of commercialized senior-friendly foods and base solution at different temperatures.

Temperature (◦C) A B C D E F Base Solution

30 0.76 ± 0.07 1.11 ± 0.01 0.92 ± 0.03 0.39 ± 0.01 0.27 ± 0.01 0.75 ± 0.04 0.79 ± 0.03
40 0.91 ± 0.05 1.32 ± 0.01 1.10 ± 0.05 0.45 ± 0.02 0.31 ± 0.01 0.93 ± 0.06 0.90 ± 0.02
50 1.08 ± 0.07 1.56 ± 0.02 1.23 ± 0.04 0.53 ± 0.02 0.37 ± 0.01 1.12 ± 0.07 1.01 ± 0.02
60 1.20 ± 0.06 1.82 ± 0.04 1.37 ± 0.08 0.60 ± 0.02 0.43 ± 0.01 1.33 ± 0.08 1.12 ± 0.03
70 1.35 ± 0.08 2.00 ± 0.08 1.62 ± 0.11 0.69 ± 0.02 0.47 ± 0.01 1.53 ± 0.09 1.22 ± 0.03
80 1.48 ± 0.06 2.29 ± 0.07 1.76 ± 0.05 0.75 ± 0.04 0.53 ± 0.02 1.67 ± 0.11 1.31 ± 0.04
90 1.58 ± 0.04 2.39 ± 0.07 1.85 ± 0.09 0.82 ± 0.04 0.60 ± 0.01 1.86 ± 0.10 1.45 ± 0.06

Types of commercialized senior-friendly foods: soft diet (A and B), liquid food (C, D, and E), and pudding (F).
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Pork sirloin purchased from a local butcher shop was used as solid particles, and
were cut into cubes (2 × 2 × 2 cm). The solid cubes were added into the base solution to
produce model senior-friendly food (mixture food). The solid fraction in the total volume
of mixture food was 10/100 g. The amount of model food for each experiment was 800 g.

2.2. Ohmic–Vacuum Combination Heating System

The ohmic–vacuum combination heating system is shown in Figure 1. The system
consisted of a vacuum chamber and pump, ohmic chamber, a pair of curved rectangular
electrodes, overhead stirrer, and ohmic power supply. The vacuum chamber could maintain
a vacuum gauge pressure of up to 0.1 bar. The cylindrical ohmic chamber (outer diameter of
12.7 cm, inner diameter of 10.1 cm, and height of 18 cm) was made of Ultem (PEI) to prevent
distortion of the chamber by vacuum pressure and heat. Curved rectangular electrodes
with circumference of 9.8 cm, thickness of 0.2 cm, and height of 10 cm were fabricated
by cutting sanitary stainless steel (SUS 304 pipe), and installed parallel to both sides of
the chamber. Ohmic power supply was designed and custom built by using the IGBT
module (404GB12E4s, SKYPER 42R driver and board, Semikron, Inc., Hudson, NH, USA).
The power supply was able to generate pulsed alternating current with a frequency range
between 1 Hz and 20 kHz, on/off duty cycle from 0.2 to 0.8, and maximum current of 30
A at 380 Vrms.

The ohmic chamber was placed at the bottom center of the vacuum chamber. To mea-
sure temperature during ohmic–vacuum combination heating, 2 k-type thermocouples
were installed at the middle and bottom part of the ohmic chamber through a small hole
of the vacuum chamber lid. The curved rectangular electrodes and ohmic power supply
were connected similarly to thermocouple installation. An anchor blade-stirring bar was
inserted at the center of the ohmic chamber through a vacuum stirring seal installed at
the center of the vacuum chamber lid. The stirring bar was connected with an overhead
stirrer (ms5020D, Misung Scientific, Seoul, Korea). The vacuum stirring seal was effective
in preventing air inflow during ohmic–vacuum combination heating. All data points of
temperature, voltage, and current were monitored and recorded by using a differential
probe (PR-60, BK Precision, Yorba Linda, CA, USA), wideband current monitor (169820,
Pearson Electronics, Palo Alto, CA, USA), oscilloscope (DPO 4034, Tektronix, Beaverton,
OR, USA), and data acquisition unit (DAQ) (39704A, Agilent, Palo Alto, CA, USA).

 

(a) 

 

(b) 

Figure 1. Ohmic–vacuum combination heating system: (a) schematic diagram of system, (b) ohmic heating power supply
configuration.

2.3. Measurement of Hardness of Solid Particles

Texture Profile Analysis (TPA) was conducted using a texture analyzer (TA.XT Plus,
Texture Technologies, Scarsdale, NY, USA) to evaluate the change in hardness of solid
particles in the model food after OH–VC combination heating depending on vacuum
pressure and vacuum pretreatment time. TPA mimics the chewing effect of putting food in
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the mouth and chewing it with teeth. It is a method of analyzing the physical properties of
food by applying compression force twice consecutively (Figure 2). The hardness of solid
particles was measured using a 30 mm diameter circular probe. Solid particles and liquid
particles were immediately separated after the OH experiment, and then the hardness of
solid particles was analyzed.

Figure 2. Diagram of Texture Profile Analysis (TPA) hardness measurement.

2.4. Experimental Design

The boiling point of the base solution during OH was investigated depending on
the change in vacuum pressure strength and the presence of agitation. The vacuum pressure
was controlled within the range of 1.01325 bar (1 atm) to 0.1 bar. The OH experiment
was immediately stopped when the liquid boiled at different vacuum intensity levels by
applying a voltage of 70 V, duty cycle of 50%, and frequency of 15 kHz. Thermocouples
were installed in the middle and bottom of the heating chamber to monitor temperature
values of the base solution.

The temperature uniformity of the model food containing pork cubes and base solution
during OH was evaluated depending on the presence of agitation. In addition, the effect
of vacuum pretreatment on change in temperature of the model food was investigated.
The model food was pretreated for 5, 10, and 10 min at different vacuum intensity levels
(vacuum gauge pressure: 0.8, 0.5, 0.2 bar, and atmospheric pressure) under agitation before
applying voltage to the heat model food. Then, 100 V at frequency of 15 kHz with duty
cycle of 50% was applied for the OH of the model food, while maintaining the same vacuum
pressure intensity as the vacuum pretreatment condition. In this study, this heating method
was named as the ohmic and vacuum (“OH–VC”) combination heating with agitation.
The temperature of the base solution was measured through the thermocouples (K-type
KK-K-30, Omega Engineering Inc., Stamford, CT, USA) installed in the middle and bottom
of the heating chamber. The temperature values of pork particles were measured by
inserting thermocouples to the core of the particles as soon as the heating process was
finished. The OH–VC combination heating experiment of the model food was stopped
when the middle or bottom temperature of the base solution reached 90 ◦C. As soon as OH
experiments were completed, solid particles and base solution were immediately separated
from the model food to evaluate the effect of vacuum pretreatment conditions on change
in hardness of solid particles.

Furthermore, the effect of vacuum pretreatment on change in the electrical conductivi-
ties of the model food was investigated. After the model food was pretreated by different
vacuum pressure intensity levels for different times, solid particles and base solutions
were separated and then both electrical conductivities were measured by using the afore-
mentioned method in Section 2.1. The overall experimental protocol is illustrated in
Figure 3.
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Figure 3. A schematic of overall experimental protocol.

2.5. Mathematical Modeling

The mathematical modeling was developed to understand and predict the heat transfer
and heat distribution in multiphase food during ohmic heating combined with agitation
by using COMSOL Multiphysics software (COMSOL 5.5, COMSOL, Inc., Palo Alto, CA,
USA) including AC/DC, Heat Transfer, and CFD modules.

2.5.1. Governing Equation for Electromagnetic Heat Generation

The electric field distribution in the ohmic heater was determined by using the Laplace
equation [18];

∇·(σ∇V) = 0 (2)

where V is the voltage (V), ∇ is the gradient, σ is electrical conductivity (S/m).
Since electrical conductivities of foods are a function of temperature, temperature and

electrical conductivity can be expressed in a linear relationship [19];

σi(T) = σ0(1 + mT) (3)

where σ0 is the reference value (S/m), m is the temperature coefficient, T is the temperature (K).
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The heat source of the ohmic heating simulation was heat generation inside the food
by electric current. Internal energy generation during the OH of multiphase food by
conduction can be determined by the following equation [31];

ρCp
∂T
∂t

= ∇k∇T + Qgen (4)

where ρ is the sample density (kg/m3), Cp is the specific heat (kJ/kgK), T is the tem-
perature within the sample (K), t is the heating time (s), k is the thermal conductivity
(W/m ◦C).

The heat generation (Qgen) during ohmic heating is proportional to the electrical
conductivity of food and the square of the voltage gradient [18];

Qgen = σ|∇V|2 (5)

2.5.2. Governing Equation for Turbulent Flow

The flow of the model food during OH was caused by agitation. The flow by agita-
tion complicates the determination of the temperature distribution in multiphase food.
Therefore, turbulent flow analysis was added to identify the exact temperature distribution
inside the food. The flow of model food during OH was determined by the k − ε turbulence
equation and turbulent velocity (uT) is significantly affected by turbulent kinematic energy
(k) and the turbulent dissipation rate (ε) [36];

uT = ρCμ
k2

ε
(6)

where uT is the turbulent velocity (m/s), ρ is the density (kg/m3), Cμ is the constant model
parameter, k is the turbulent kinetic energy (m2/s2), and ε is the turbulent dissipation rate
(m2/s3).

Turbulent kinetic energy (k) can be calculated by following the transportation equa-
tion [36];

ρ
∂k
∂t

+ ρu·∇k = ∇
[(

μ +
μT
σk

)
∇k
]
+ Pk − ρε (7)

Pk = μT

[
∇u :

(
∇u + (∇u)T

)
− 2

3
(∇·u)2

]
− 2

3
ρk∇·u (8)

where u is the mean velocity (m/s), μ is the dynamic viscosity (Pa·s), μk and σk are
the constant model parameters, and Pk is the production term.

An additional transportation equation is necessary for the calculation of and turbulent
dissipation rate (ε) [36];

ρ
∂ε

∂t
+ ρu·∇ε = ∇·

[(
μ +

μT
σε

)
∇ε

]
+ Cε1

ε

k
Pk − Cε2ρ

ε2

k
(9)

where Cε1 and Cε2 are the constant model parameters.

2.5.3. Mathematical Modeling Setup

Mathematical modeling proceeded in the following order: (1) creation of geometry
for modeling, (2) initial and boundary condition assignment, (3) mesh generation and
optimization, (4) solver selection, (5) tolerance and time step setting, and (6) built-in
convergence solution.

The boundary conditions of the heat transfer equation assumed that all samples were
thermally insulated, and the initial temperature values of the entire samples (solid parti-
cles and base solution) were set to 303.15 K. The thermal properties of model food were
calculated based on experimental data. The specific heat, density, and thermal conduc-
tivity of the base solution and solid (pork) particles were 3.9 and 2.71 kJ/kg·K, 1030 and
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1099.7 kg/m3, and 0.5948 and 0.21 W/m·K, respectively. The electrical conductivity was
increased with an increase in temperature. The electrical conductivities of the base solu-
tion and solid particles as a function of temperature were set to 0.01035 × (T − 273.15) +
0.61915 S/m and 0.0171 × (T − 273.15) + 0.5813 S/m, respectively. In order to improve
the mesh quality, the computational domain was discretized with tetra meshes. The mesh
geometry consisted of 11,515 tetrahedrons, 1328 boundary elements, and 392 edge ele-
ments. The direct linear system solver (PARDISO) was used to increase the convergence
rate. The relative tolerance and absolute tolerance used in PARDISO was 0.05.

The geometry used in the simulation is shown in Figure 4. A pair of electrodes
were placed on both sides of a cylinder with a diameter of 101 mm and a height of 110
mm. The shaded parts in blue (Figure 4b) are the electrodes and the applied voltage for
simulation was 100 V. A stir head shape was employed to mimic the stirring activity and
the applied rotation speed was 60 rpm. A spherical particle with a diameter of 10 mm was
added to evaluate the temperature difference between solid and liquid. The particles were
located at six points to determine the temperature difference depending on the location.

 
(a) 

 
(b) 

 
(c) (d) 

Figure 4. Geometry used in the ohmic heating simulation: (a) grid mesh geometry, (b) electrode
layout, (c) top view, and (d) front view.

3. Results and Discussion

3.1. The Effect of Vacuum Pretreatment on Change in Electrical Conductivities of Pork Particle and
Base Solution

After pork particles and the base solution were pretreated at different vacuum pres-
sure intensity levels for different times under agitation, their electrical conductivities were
measured (Table 2). The electrical conductivities of solid particles and base solution with-
out vacuum pretreatment were compared to those with vacuum treatment. Regardless
of vacuum pretreatment, the electrical conductivities of both samples were linearly in-
creased with an increase in temperature. The vacuum pretreatment caused a slight increase
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in the electrical conductivities of both samples. The electrical conductivities tended to
decrease with increasing vacuum pretreatment time; however, the difference resulting
from pretreatment times was not significant. In vacuum pretreatment processing of multi-
phase food, the enhanced osmotic pressure by vacuum pretreatment caused the change in
the electrical conductivity of solid particles by increasing the solute or water absorption
of solid particles from the solution [37]. The vacuum pretreatment used in this study
led to the change in the electrical conductivities of both samples by affecting the mutual
movement of electrolytes or moisture between the solid and liquid.

Table 2. The measured electrical conductivities of pork particle and base solution after vacuum pretreatment.

30 ◦C 40 ◦C 50 ◦C 60 ◦C 70 ◦C 80 ◦C 90 ◦C

Base solution (A) 0.80 ± 0.03 0.90 ± 0.02 1.01 ± 0.02 1.13 ± 0.03 1.22 ± 0.03 1.31 ± 0.04 1.45 ± 0.06

Pork particle (B) 0.74 ± 0.03 0.83 ± 0.04 0.95 ± 0.06 1.03 ± 0.05 1.12 ± 0.06 1.24 ± 0.06 1.35 ± 0.07

1 bar

5 min
(A) 0.86 ± 0.02 0.96 ± 0.03 1.06 ± 0.03 1.16 ± 0.01 1.28 ± 0.03 1.39 ± 0.01 1.54 ± 0.01
(B) 0.79 ± 0.79 0.90 ± 0.09 1.00 ± 0.10 1.10 ± 0.10 1.19 ± 0.10 1.28 ± 0.11 1.38 ± 0.11

10 min
(A) 0.86 ± 0.01 0.95 ± 0.01 1.05 ± 0.01 1.17 ± 0.02 1.29 ± 0.02 1.39 ± 0.04 1.47 ± 0.02
(B) 0.72 ± 0.05 0.88 ± 0.04 0.98 ± 0.04 1.07 ± 0.05 1.17 ± 0.05 1.27 ± 0.07 1.38 ± 0.06

15 min
(A) 0.86 ± 0.04 0.95 ± 0.03 1.06 ± 0.03 1.18 ± 0.03 1.30 ± 0.06 1.39 ± 0.05 1.48 ± 0.04
(B) 0.78 ± 0.05 0.94 ± 0.08 1.06 ± 0.09 1.14 ± 0.08 1.23 ± 0.09 1.32 ± 0.09 1.43 ± 0.10

0.8 bar

5 min
(A) 0.82 ± 0.04 0.92 ± 0.02 1.04 ± 0.04 1.15 ± 0.02 1.26 ± 0.05 1.37 ± 0.05 1.49 ± 0.06
(B) 0.79 ± 0.09 0.99 ± 0.12 1.15 ± 0.14 1.24 ± 0.15 1.32 ± 0.13 1.43 ± 0.12 1.51 ± 0.11

10 min
(A) 0.84 ± 0.06 0.93 ± 0.05 1.03 ± 0.04 1.14 ± 0.03 1.26 ± 0.03 1.37 ± 0.04 1.48 ± 0.05
(B) 0.75 ± 0.09 0.89 ± 0.10 1.02 ± 0.07 1.13 ± 0.07 1.22 ± 0.09 1.33 ± 0.08 1.44 ± 0.09

15 min
(A) 0.84 ± 0.02 0.94 ± 0.02 1.04 ± 0.02 1.15 ± 0.02 1.26 ± 0.03 1.36 ± 0.03 1.46 ± 0.01
(B) 0.75 ± 0.06 0.88 ± 0.05 1.00 ± 0.04 1.09 ± 0.05 1.20 ± 0.03 1.31 ± 0.03 1.41 ± 0.03

0.5 bar

5 min
(A) 0.84 ± 0.02 0.95 ± 0.02 1.06 ± 0.02 1.17 ± 0.03 1.29 ± 0.05 1.40 ± 0.08 1.48 ± 0.07
(B) 0.72 ± 0.07 0.83 ± 0.05 0.97 ± 0.04 1.09 ± 0.03 1.23 ± 0.07 1.35 ± 0.08 1.47 ± 0.07

10 min
(A) 0.81 ± 0.05 0.91 ± 0.04 1.02 ± 0.04 1.13 ± 0.04 1.25 ± 0.03 1.37 ± 0.02 1.47 ± 0.03
(B) 0.70 ± 0.06 0.81 ± 0.06 0.93 ± 0.06 1.04 ± 0.04 1.16 ± 0.05 1.25 ± 0.05 1.35 ± 0.06

15 min
(A) 0.84 ± 0.02 0.94 ± 0.02 1.05 ± 0.03 1.16 ± 0.03 1.28 ± 0.03 1.38 ± 0.03 1.48 ± 0.04
(B) 0.74 ± 0.04 0.85 ± 0.03 0.96 ± 0.04 1.05 ± 0.03 1.14 ± 0.03 1.23 ± 0.03 1.33 ± 0.04

0.2 bar

5 min
(A) 0.84 ± 0.04 0.98 ± 0.08 1.10 ± 0.10 1.22 ± 0.11 1.31 ± 0.12 1.43 ± 0.10 1.51 ± 0.06
(B) 0.75 ± 0.04 0.86 ± 0.06 0.98 ± 0.06 1.08 ± 0.05 1.18 ± 0.04 1.28 ± 0.04 1.39 ± 0.04

10 min
(A) 0.87 ± 0.04 0.98 ± 0.05 1.09 ± 0.07 1.22 ± 0.07 1.35 ± 0.08 1.48 ± 0.09 1.55 ± 0.05
(B) 0.72 ± 0.08 0.85 ± 0.07 0.98 ± 0.07 1.10 ± 0.09 1.23 ± 0.10 1.35 ± 0.11 1.44 ± 0.08

15 min
(A) 0.82 ± 0.06 0.93 ± 0.03 1.03 ± 0.02 1.13 ± 0.02 1.25 ± 0.05 1.38 ± 0.07 1.47 ± 0.04
(B) 0.74 ± 0.06 0.85 ± 0.06 0.97 ± 0.07 1.07 ± 0.07 1.15 ± 0.07 1.24 ± 0.09 1.36 ± 0.11

3.2. Change of Boiling Point of Base Solution Depending on Vacuum Intensity

The base solution boiled at 97 ◦C under atmospheric pressure, and the boiling point
decreased by approximately 3 ◦C as the vacuum gauge pressure decreased until 0.4 bar at
a decrement interval of 0.1 bar, as shown in Figure 5. The boiling point rapidly decreased
below 0.3 bar, and the boiling point at 0.1 bar was 45 ◦C, which was more than 50 ◦C below
the boiling point under atmospheric pressure. It was clearly observed that the boiling point
was significantly dependent on vacuum intensity.
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Figure 5. Change of boiling point of base solution under different vacuum intensities.

3.3. The Effect of Agitation on Temperature Uniformity of Base Solution and Model Food

Figure 6 shows the temperature difference of the base solution at different locations
in the heating chamber during OH depending on the presence of agitation. The initial
temperature of the base solution was approximately 30 ◦C regardless of location. When
the agitation was not applied to OH, the temperature difference of the base solution
at different locations significantly increased after 40 s (Figure 6a). The temperature at
the middle of the heating chamber showed a rapid increase rate than the bottom. Although
OH is known as the effective food thermal treatment to achieve temperature uniformity of
single phase food, temperature non-uniformity was found in this study.

As shown in Figure 6b, the temperature uniformity of the base solution regardless of
location was achieved by agitation. The time required for the temperature of the middle
or bottom to reach 90 ◦C was 144 s. The temperature difference between the middle and
the bottom of the heating chamber was less than 1.4 ◦C during the entire heating process,
and showed almost the same increase rate of temperature at all locations in the heating
chamber. The forced convection by agitation was effective at achieving thermal uniformity
of the base solution during OH.

 

(a) (b) 

Figure 6. Temperature difference between middle and bottom of base solution: (a) without agitation, (b) with agitation.

When the model food was treated by OH without agitation at atmospheric pres-
sure, the temperatures of the base solution and solid particles were 90 ± 1.13 ◦C and
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73.49 ± 0.38 ◦C, resulting in significant temperature difference. However, in the case of
OH with agitation, the temperature difference between solid particles (90.2 ± 0.93 ◦C) and
the base solution (87.29 ± 0.06 ◦C) was less than 3 ◦C.

When multiphase food was treated by OH, the temperature difference between solid
particles and liquid could be caused by limited convection. An excessive heat treatment is
required to increase the temperature of solid particles; however, it will cause over-heating
that deteriorates food quality [38]. In this study, it was found that forced convection by agi-
tation was effective in resolving non-uniform temperature distribution in multiphase food.

The temperature values of the solid particles and base solution under OH–VC combi-
nation heating with agitation are summarized in Table 3. The temperature of solid particles
was not significantly affected by the vacuum pretreatment time at constant vacuum pres-
sure; however, the effect of vacuum pressure intensity was dominant in the temperature
change of solid particles. The boiling point of the model food was lowered by the effect of
OH–VC combination with agitation. The solid particles were only heated to the boiling
point temperature of the base solution, and the final heating temperature of the base solu-
tion at vacuum gauge pressures of 0.8, 0.5, and 0.2 bar regardless of vacuum pretreatment
time was 88.99 ± 0.42, 77.89 ± 0.69, and 57.45 ± 0.26 ◦C, respectively. The temperature
difference between solid particles and the base solution under all conditions of OH–VC
combination with agitation was within 3 ◦C. Since vacuum pretreatment expelled the air
inside the solid and made the electrical conductivity of the solution and solid almost
similar, it was possible to minimize the temperature difference between solid particles
and base solution [39]. The OH–VC combination heating with agitation was effective
at improving the temperature uniformity of multiphase food and preventing excessive
thermal treatment.

Table 3. Temperature values of model food under different ohmic heating–vacuum (OH–VC) combination heating with
agitation.

Vacuum Pretreatment Time
0 min 5 min 10 min 15 min

Vacuum intensity

0.8 bar
(A) 88.99 ± 0.42 88.65 ± 0.15 89.14 ± 0.72 87.77 ± 0.13
(B) 88.19 ± 2.26 86.68 ± 1.15 86.75 ± 1.27 86.09 ± 0.37

0.5 bar
(A) 77.89 ± 0.69 77.12 ± 0.66 76.62 ± 0.34 76.95 ± 0.08
(B) 78.23 ± 1.58 75.97 ± 0.50 76.18 ± 0.21 74.81 ± 2.75

0.2 bar
(A) 54.93 ± 0.69 54.59 ± 0.19 54.4 ± 0.25 54.43 ± 0.50
(B) 54.18 ± 1.93 53.82 ± 0.04 53.85 ± 1.51 53.81 ± 1.76

(A) is the base solution, (B) is solid particles.

3.4. Variation of Particle Hardness

The average hardness of the solid particles treated by OH with/without agitation was
215.7 ± 6.4 and 119.8 ± 10.1 N/m2, respectively. Since the solid particles in the model
food were under-processed by OH without agitation, a relatively low hardness value was
measured.

Figure 7 indicates the hardness change of solid particles in the model food treated by
different OH–VC combination heating conditions with agitation. An increase in vacuum
intensity had a great effect on the change in hardness of solid particles. This result is
consistent with the previous studies showing that the firmness of papaya treated by
vacuum the firmness was reduced compared to the atmospheric pressure treatment [40–44].
However, vacuum pretreatment time was not significant to change the hardness of solid
particles. The lowest hardness of solid particles was observed at a vacuum gauge pressure
of 0.2 bar and the hardness range was between 170 and 180 N/m2 under all pretreatment
time conditions. Older people suffering from eating disorders prefer soft foods over tough
or hard foods. Therefore, the texture of solid particles is a major factor to be considered in
the processing of senior-friendly food consisting of solid and liquid phase food. The OH–
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VC combination heating made the texture of solids softer than individual OH treatment.
In addition, this combination heating was suitable for the processing of the multiphase
form of senior-friendly food.

  
(a) 

 
(b) (c) 

Figure 7. Change in hardness of solid particles under different OH–VC combination heating conditions with agitation:
vacuum pretreatment time for (a) 5 min, (b) 10 min, and (c) 15 min at different vacuum intensity levels.

3.5. Simulation Verification
3.5.1. The Simulated Electric Field Strength Distribution in Ohmic Chamber

The electric field distribution inside the OH chamber filled with model food was
simulated using an AC/DC module in COMSOL Multiphysics (COMSOL 5.5, COMSOL,
Inc., Palo Alto, CA, USA), as shown in Figure 8. The applied voltage to the simulation
was 100 V. The electric field overshoot (approximately 3.4 kV/m) was determined at both
edges of the curved rectangular electrodes. The current density was higher in the areas
of both edges than in other parts. The electric field strength range in the center of the OH
chamber was estimated between 1100 and 1200 V/m. In addition, the relatively low electric
field strength range (740 to 870 V/m) was observed at the area between the edges of
the electrodes. The electric field strength of the solution surrounding the solid particle was
observed to be slightly higher than that of other parts, which seems to be a phenomenon
that occurs when an electrical current passes through the material composed of different
phases having different physical and electrical properties. Moreover, this phenomenon
could result in the electric field interruption and non-uniform temperature distribution in
the model food.

 

(a) (b) 

Figure 8. Simulated (a) electric potential and (b) electric field distributions.
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3.5.2. Temperature Distribution of Model Food under OH Depending on Presence
of Agitation

Figure 9 shows the simulated heating pattern of model food under OH without agita-
tion. The black arrows represent the total heat flux including conduction and convective
heat flow. The rapid increase of temperature near both edges of the electrodes significantly
affected the temperature distribution of model food inside the chamber. As the electric
overshoot near both edges of the electrodes was estimated in the simulation of electric
field distribution, it was predicted that the area near the edges of the electrodes was heated
faster than other areas. In the top view of the simulation, the total heat flux was diffused
from both edges of the electrodes. However, as shown in the front view, the total heat
flux spreads outward from the center. Therefore, when the agitation was not applied to
the OH of the model food, the generated internal heat from OH could not be uniformly
distributed in the model food because of the limited natural convection. The temperature
difference between the center and the outside was about 20 ◦C due to the non-uniform
heating pattern. Even though the electrical conductivity of the solid particles was lower
than that of the base solution, the heating rate of the solid particles was sharper than that
of the base solution in the simulation. Since the locations of solid particles were close to
the center of the chamber, the generated heat from OH affected the increase in temperature
of the solid particles. The temperature difference between solid particles and base solution
increased as heating time increased. The temperature range of the pork particles obtained
from the experimental data of OH without agitation was from 60 to 81 ◦C. The simulation
results showed that the temperature of the particle located in the center was about 83
◦C and the outside was about 64 ◦C, which was very similar to the experimental data.
The temperature difference between solid particles and base solution varied depending on
the location of the solid particles and the difference range was from a minimum of 10 ◦C to
a maximum of 30 ◦C.

Figure 10 shows the simulation results of the heating pattern of the model food under
OH with agitation. The direction of the total heat flux was the same as the agitation
direction. The exacerbated non-uniform temperature distribution between solid particles
and base solution was minimized by the effect of forced convection. Regardless of the solid
particle locations, solid particles were equally heated and had a similar heating rate.
The temperature difference between solid particles and base solution was around 5 ◦C
at all heating times and locations; however, the heating rates of solid particles and base
solution showed a similar tendency. The simulated temperature values for solid particles
and base solution were in good agreement with the experimental data and the maximum
prediction error was about 3 ◦C. In this study, heating patterns of model food under OH
with agitation could be effectively predicted through the simulation.
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Figure 9. Simulated heating pattern of model food under OH without agitation.
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Figure 10. Simulated heating pattern of model food under OH with agitation.
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4. Conclusions

The effects of vacuum and agitation on thermal uniformity of the model food under
OH was evaluated in this study. By combining vacuum and agitation in OH of multiphase
food, the boiling point of the base solution was lowered and thermal uniformity of model
food was improved with softening of solid particles. In addition, the excessive heat
treatment inside multiphase food was prevented. The simulation models for the OH of
the model food with/without agitation were in good agreement with experimental data.
In the simulation for the OH of the model food without agitation, solid particles were
heated more rapidly than the base solution. The temperature difference between solid
particles, depending on the locations in OH chamber (center and outside), increased with
an increase in heating time. The simulation for the OH of the model food with agitation
showed thermal uniformity between solid particles and base solution with a maximum
difference within 5 ◦C. The developed OH–VC combination heating with agitation has
great potential to process senior-friendly foods with improvement of the texture of solid
phase food and enhanced thermal uniformity.
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Abstract: Deep-fried foods (e.g., French fries, potato/veggie crisps) are popular among consumers.
Recently, there has been an increased interest in the application of Pulsed Electric Fields (PEF)
technology as a pretreatment of plant-based foods prior to deep-frying to improve quality
(e.g., lower browning tendency and oil uptake) and reduce production costs (e.g., better water
and energy efficiencies). However, the influence of a PEF pretreatment on the frying process and
related chemical reactions for food materials is still not fully understood. PEF treatment of plant tissue
causes structural modifications, which are likely to influence heat, mass and momentum transfers,
as well as altering the rate of chemical reactions, during the frying process. Detailed insights into
the frying process in terms of heat, mass (water and oil) and momentum transfers are outlined,
in conjunction with the development of Maillard reaction and starch gelatinisation during frying.
These changes occur during frying and consequently will impact on oil uptake, moisture content,
colour, texture and the amount of contaminants in the fried foods, as well as the fried oil, and hence,
the effects of PEF pretreatment on these quality properties of a variety of fried plant-based foods
are summarised. Different mathematical models to potentially describe the influence of PEF on the
frying process of plant-based foods and to predict the quality parameters of fried foods produced
from PEF-treated plant materials are addressed.

Keywords: frying; mathematical model; mass transfer; heat transfer; pulsed electric fields; solid
plant foods

1. Introduction

Pulsed Electric Fields (PEF) technology applies short (μs or ms) and repetitive electric pulses of
high voltage to food materials placed between two conducting electrodes, leading to electroporation of
cells [1]. When plant tissues are exposed to PEF, the charging process increases the transmembrane
potential leading to the breakdown of proteins and the lipid bilayer within the cell membrane.
When the transmembrane potential exceeds the range that cells can withstand, the cell membrane is
punctured followed by the formation of pores. Pores grow in both size and quantity depending on the
intensity of PEF treatment. Critical parameters of PEF processing include the electric field strength (E),
pulse frequency (f ), pulse number (N), pulse shape and polarity, specific energy input (W), pulse width
(τ) and duration (t) [2]. In recent years, PEF has been recognised as an effective technology to improve
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food quality and accelerate heat and mass transfers during food processing, while reducing energy
consumption. PEF can be easily integrated into the food industry to assist existing unit operation,
such as osmotic dehydration, freeze-drying, frying, freezing, thawing, extraction or clarification [3–5].

Frying (typically at 170 ◦C or above) is one of the oldest unit operations used by food processors;
its goal is to produce final products with a crisp texture, an aromatic flavour and a golden-brown
colour. There is a large variety of fried plant-based products available in the market, including
fried vegetables such as potato, sweet potato, carrot, red beet, taro, celery bulb, squash, pumpkin,
green bean and eggplant and fried fruits such as pineapple, apple, banana, peach, grape, guava,
jamun and mango [6–9]. Among these, fried potato products (i.e., French fries and potato crisps) are
the most widely consumed around the world [10]. Taking the production of French fries as an example,
the process line consists of potato washing and sorting, skin peeling, preheating, cutting into fries,
blanching, predrying, par frying and finally blast freezing. PEF is recommended to be applied as a
pretreatment to the potatoes before the cutting step, potentially replacing the preheating step to reduce
energy consumption while achieving equivalent process performance [11,12]. Under suitable operating
parameters, PEF treatment will modify the structural and textural properties of potatoes, making them
easier/more flexible to cut into fries, thereby reducing “feathering” and at the same time, extending the
durability of the cutting blades [11,12]. With respect to the quality of the fried potato products, a lower
browning tendency and a crispier texture compared to their non PEF-treated counterparts has been
reported in the literature [11–14]. Such advantages offered by PEF in terms of process performance
and product improvement make it appealing for the potato industry to adopt this technology.

Frying is a very complex process including simultaneous heat, mass and momentum transfers
accompanied by a series of physical and chemical reactions [15,16]. During the frying process, heat is
transferred from oil to fried foods leading to mass transfer (e.g., water evaporation and oil uptake).
Apart from heat, mass and momentum transfers, chemical constituents (e.g., starch, reducing sugars,
amino acids and water) within plant tissue react with each other during frying, and physical reactions
(e.g., water evaporation and oil uptake) occur accompanied by structural changes [17]. Frying models,
especially those built based on universal physical laws, may provide a better understanding of the
frying process and its mechanism [15,18]. Additionally, the incorporation of observational data into
kinetic frying models can give predictions of a specified quality of interest (e.g., colour, texture,
oil uptake) for fried foods [19].

The purpose of this review is to provide an overview of the different mechanisms and reactions
that occur during frying processes and explain how PEF pretreatment of plant materials can result in
various quality improvements in the final products. The review will be concluded by discussing the
potential use of frying models to explore the effect of PEF on frying to benefit further research and
industry application.

2. Frying Process of Food Materials

Frying is a complex process which involves simultaneous heat, mass and momentum transfers
(Figure 1), resulting in the flow of oil and water, phase changes and physicochemical reactions within
the raw materials [17]. These reactions account for both the beneficial and the deleterious effects
associated with fried foods.

2.1. Heat Transfer

Frying is an efficient and intensive heat transfer process owing to the high heat transfer coefficients
and dynamic conditions within the frying system [20]. During frying, heat transferred from the hot oil
to the surface of the cold food materials is driven by convection and from the surface to the inner side by
conduction [18]. Then, water begins to evaporate from the food and creates vapour turbulence because
of its rapid evaporation. Heat is transferred by forced convection contributing to the turbulence of the
oil around the food [21]. Vapour turbulence enhances the heat transfer rate to its maximum level [22].
When large numbers of vapour bubbles cannot escape from the food material, they form an insulating
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layer on the surface limiting heat transfer [23]. During frying, water evaporation dissipates some
energy inside the food material, thereby decreasing the available energy for temperature increase.
Normally, the change of energy for heat transfer within a nonhomogenous food material can be
calculated using the following Equation (1) in Cartesian coordinates [24]:

ρCp

(
∂T
∂t

+vx
∂T
∂x

+vy
∂T
∂y

+vz
∂T
∂z

)
= kh

(
∂2T
∂2x

+
∂2T
∂2y

+
∂2T
∂2z

)
(1)

T: temperature, Cp: specific heat capacity of the material, kh: thermal conductivity of the material,
ρ: density, vi: fluid velocity in i-direction. The right side of Equation (1) represents heat transfer due to
conduction (dominates in case of solids) while the left side of the equation represents the unsteady
term and convective heat-transfer terms.

In terms of frying, the energy balance equation is as follows [24]:

ρCp
∂T
∂t

=
∂
∂x

ke f f
∂T
∂x

+
∂
∂y

ke f f
∂T
∂y

+
∂
∂z

ke f f
∂T
∂z

+ ΔHsbl w (2)

keff: effective thermal conductivity, ΔHsbl: latent heat of sublimation, w: water content.
There is a lack of information on the influence of PEF on heat transfer of food materials during

frying, but current literature has demonstrated that PEF technology can accelerate the heat transfer
during drying and osmotic dehydration processes [5]. Since the heat transfer coefficient increases
with the rate of moisture transfer [25,26], an increase in tissue porosity and cell electroporation by PEF
may increase the hydrodynamic permeability and the moisture transfer rate [27]. Therefore, the heat
transfer and efficiency of drying or frying of PEF-treated plant materials is expected to be enhanced.

Figure 1. Potential influence of the Pulsed Electric Fields (PEF) pretreatment of potatoes on heat and
mass transfer processes during frying. Images of untreated and PEF-treated raw potato tissue from
scanning electron cryomicroscopy (cryo-SEM) were obtained from [28].

2.2. Mass Transfer

During the frying process, mass transfer mainly refers to the evaporation of water from the food
material to the oil as well as the uptake of oil by food material [29]. Previous studies have demonstrated
that PEF treatment enhances mass transfer in plant-based foods compared to non PEF-treated materials
due to its electroporation effect on cell membranes, and subsequently this improves the diffusion of
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intracellular liquid/cell contents to the outside of the cells. [3]. Ignat et al. [13] have reported that
PEF-treated potato cubes had a significantly higher drip loss (10.4%) compared to their non PEF-treated
counterpart (2.3%) before frying. This phenomenon occurs due to PEF causing structural changes
in the potato tissues which increase drip loss and facilitate the release of sugars which lowers the
tendency for the tissues to brown during frying [13]. Moreover, PEF-treated potatoes exhibited a faster
rate of water loss compared to non PEF-treated samples after 10 min baking at 100 ◦C [30]. Therefore,
PEF pretreatment has the ability to enhance water diffusion from plant materials, which could promote
a faster frying efficiency.

2.2.1. Water Transfer

There are four main stages in the frying process which involve heat and mass transfers, namely
the initial heating, surface boiling, falling rate and bubble endpoint periods [21,31]. In the initial heating
stage, raw materials (at cold or ambient temperature) are dropped into the hot oil and are heated up
gradually to the boiling point of water. During the surface boiling period, water begins to evaporate
from the surface of materials along with the formation and release of bubbles leading to a rapid loss of
water and the formation of pores at the surface becomes inevitable. A crust also begins to form at the
outer surface. In the falling rate stage, the humid core region of the food material is heated slowly to
the boiling point of water. Meanwhile, crust thickness increases and steam transfer speed decreases
during this stage. In the bubble endpoint stage, water evaporation slows until bubbles are no longer
being released on the surface.

Water transfer in the form of liquid (Cl) and vapour (Cv) during the unsteady diffusion process at
the initial heating stage can be represented by the following equations in Cartesian coordinates [24]:

∂Cl
∂t

=
∂
∂x

Di
∂Cl
∂x

+
∂
∂y

Di
∂Cl
∂y

+
∂
∂z

Di
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− w (3)
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Di
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+
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∂y

Di
∂Cv

∂y
+
∂
∂z

Di
∂Cv

∂z
+w (4)

Ci: concentration of liquid (i = l) or vapour (i = v), Di: diffusivity of i-th species in the medium, w:
water content.

During frying, the food material is transformed into a porous medium consisting of tiny void
spaces (or small pores) that are interconnected and filled with fluid (liquid or vapour) [32]. Therefore,
the movement of water vapour can no longer be described as diffusion. Darcy’s law is considered
to be more appropriate in describing the flow of water vapour inside the solid through the porous
structure of fried foods [24]. Since plant materials typically contain a high water content (80–95%),
Darcy’s equation takes into account the significant pressure build up inside the porous food caused by
the evaporation of internal water during frying [32]. Moreover, the resistance of the porous structure,
which is proportional to the thickness of fried foods, can be integrated into Darcy’s law formulating
Equation (5) to better describe water loss due to vapour flow through the crust [24].

Qw =
A k ΔP
μ L

(5)

Qw: flow rate of water vapour, A: cross-sectional area of the fried food, k: permeability of the crust
layer (related to porosity), ΔP: pressure difference/drop over a given distance, μ: viscosity of the water
vapour, L: thickness of fried foods.

2.2.2. Oil Transfer

There are several mechanisms to explain oil uptake during frying including water replacement,
capillarity penetration, the cooling-phase effect and the surface-active agent theory, all of which are associated
with water transfer and/or crust formation.
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Water replacement mechanism explains that oil enters the plant tissues through the voids created
by water evaporation, so water loss is considered to be the basis of oil uptake [33]. Gamble et al. [34]
found that oil uptake was closely related to the water loss (R2 = 0.989) in potato slices in which the oil
absorbed by potato slices was found accumulated in the voids left by the water evaporation. When the
water bubbles escaped from food materials, they formed capillary pathways and increased the surface
porosity [35].

Capillarity penetration describes how the oil moves upwards through narrow pores in fried materials
when the adhesive intermolecular forces between the oil and food materials are stronger than the
cohesive intermolecular forces in the oil [36]. The pressure difference (ΔP*) between both ends of the
capillary pathways mainly drives the capillarity penetration phenomena [37]:

ΔP∗= P2 − P1 = Patm − (P v −
2σ cosθ

r
± ρgh cosα) (6)

Pi: pressure at the point i (P2: pressure at the pore surface, P1: pressure at the deepest pore point inside
the food material, Patm: atmospheric pressure, Pv: water vapour pressure), θ: contact angle between
the oil and the food material, r: pore radius, σ: surface tension of the oil, ρ: oil density, g: acceleration
gravity, h: height of the capillary motion, α: angle between the capillary pathway and vertical direction.

Capillary penetration can also be described by the Washburn equation:

Qoil =
πr 4 ΔP∗

8 μ h
(7)

Qoil: volumetric flow of laminar oil, π: ratio of an oil circumference to its diameter (3.142), r: pore radius,
μ: oil viscosity.

The penetration of oil over time can be calculated based on the modification of the above two
Equations (6) and (7) to yield Equation (8) [37]:

dh
dt

=
r2

8μ h
(P atm − Pv +

2 σ cosθ
r

± ρ g h cosα) (8)

However, the voids or capillary pathways are always filled with water during frying and the
inner steam pressure may resist oil penetration. Sometimes, the oil is absorbed after the capillary (food
material) is removed from the oil [35,37].

The mechanism of cooling-phase effect explains oil uptake after the food material has been removed
from the oil and this is caused by water vapour condensation and internal pressure reduction during
the cooling period. A study by Ufheil and Escher [38] reported that most of the oil in fried potatoes is
absorbed into the porous crust after their removal from the oil, implying that oil absorption and water
loss are not synchronous and that the cooling-phase effect plays a key role in oil uptake. Oil uptake
after removal of the plant tissue from the oil is a balance between the oil drainage and oil adhesion [17].
Adhered oil on the surface of fried material is absorbed due to the “vacuum effect” caused by the
condensation of steam during cooling period. When the fried food is removed from the oil, an oil film
is formed on the surface and its thickness (H) can been calculated by the Landau–Levich–Derjaguin
equation [39]:

H =0.944
(μU)

2
3

γ
1
6 (ρ g)

1
2

(9)

μ: oil viscosity, γ: surface tension, U: speed of oil removal after frying; ρ: oil density,
g: acceleration gravity.

Finally, the surface-active agent theory has been proposed in addition to the other oil uptake
mechanisms. In this theory surface-active agents (e.g., monoglycerides and diglycerides) produced
by oil degradation and hydrolytic reactions during frying enhance the interactions between oil and
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fried food leading to increased oil absorption [35]. Such surface-active agents can increase the foaming
tendency of oil and reduce the interfacial tension leading to the increase of surface hydrophobicity [40].

2.3. Momentum Transfer

Momentum transfer is a physical phenomenon that involves convection mechanism between
molecules or groups of molecules within the food material [41]. It depends upon the interrelation
of the fundamental variables of mass, velocity and time and of changes in the velocity per unit
mass [41]. During frying, momentum is transferred by convection (vapour leaving the fried materials)
or by molecular forces (viscous stress or pressure) [42]. Momentum transfer equations are based on the
principle that the momentum is conserved in a phase. The momentum balance equation, which contains
three velocity components and the x-component equation in Cartesian coordinates [15,43] is as follows:
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∂t
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∂
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∂vx
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∂
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μ
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∂z

)
+ρ gx β (T − T∞

)
(10)

vi: fluid velocity of i component, ρ: fluid density, gx: acceleration gravity of x-component, β: thermal
expansion coefficient.

Despite there being no studies directly reporting the influence of PEF pretreatment on momentum
transfer in plant materials during frying, Dellarosa et al. [44] have shown that PEF could help to gain
momentum to increase mass transfer in plant-based foods during processing, which suggests that the
momentum transfer in PEF-treated plants would increase during frying.

3. Changes in the Chemical Constituents of Plant Food Material during Frying

Plant foods are a good source of carbohydrates (e.g., simple sugars, starch) and proteins. Frying of
plant foods at high temperatures (>170 ◦C) initiates a series of complex chemical reactions in these
constituents when reacting with oil, and thus generating compounds that can affect the quality of
final products, by influencing their flavour, colour, shelf life and nutrient composition [45]. The two
chemical changes that this review will focus upon are Maillard reaction and starch gelatinisation.

3.1. Maillard Reaction

The Maillard reaction is one of the most important chemical reactions that occur during frying
because it modifies many quality parameters in the final fried product such as colour, flavour, taste,
nutritional value and the level of toxic compounds (e.g., acrylamide) [46]. The Maillard reaction refers
to the reaction between an amino group (e.g., amino acids) and a carbonyl group (e.g., reducing sugars).
Firstly, a Schiff base is formed and rearranged to Amadori or Heyns products, which then undergo
enolisation and are subsequently modified to form reactive α-dicarbonyl compounds, the source
of brown pigments production [46,47]. These compounds can react with additional nucleophiles
(i.e., guanidines, amines and thiols) and undergo Strecker degradation producing Strecker aldehydes.
Furthermore, advanced glycation end products are produced in a series of downstream reactions,
and further chemical reactions form a large number of polymerised products, named melanoidins,
which result in colour darkening [46]. Temperature, time, reactant type (amino and carbonyl groups)
and concentration, water activity and pH are the main factors that influence the Maillard reaction [48].
Most reactants, primarily reducing sugars and amino acids involved in the Maillard reaction are
accumulated in vacuoles in the plant’s tissues. Since PEF treatment induces a cell electroporation
effect on plant tissues which results in leakage, it is not surprising that a considerable amount of
the reactants might be released/leached out from the cells, as demonstrated in the potato studies by
Janositz et al. [30] and Genovese et al. [49]. An increase in the release of reactant materials from PEF
treated potatoes is generally beneficial for high sugar containing potatoes (due to genotype, maturity,
and poor storage management), which can exhibit excessive browning when fried. This is because the
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overall pool size of the reactants in these potato tissues, after a PEF-pretreatment, that is available to
participate in the Maillard reaction and caramelisation during frying can be reduced.

3.2. Starch Swelling and Gelatinisation

Potato tubers are high in starch, which is a semicrystalline biopolymer. When potatoes are cooked,
starch starts to swell and its gelatinisation forms dense and starch-rich areas within the cells, which helps
to reduces oil absorption upon frying and resist dehydration and shrinkage, while improving the texture
of the cooked products [35]. Starch gelatinisation refers to the collapse of molecular organisation in the
starch granule, leading to irreversible changes to its molecular properties resulting in water uptake,
swelling, loss of crystallinity, loss of birefringence, unwinding of double helices, starch solubilisation
and an increase in viscosity [50]. During frying, starch swelling begins at 60–70 ◦C and the process is
completed when the swollen starch granules completely occupy the interior of the cells, which enable
them to resist oil penetration [51,52]. Moreover, the extent of starch gelatinisation in the crust and
core regions of potato crisps can be very different owing to different rates of heat transfer and water
availability [53].

Numerous studies investigating the effect of PEF on starch isolated from different plant sources,
have consistently demonstrated that the application of a high intensity PEF treatment (30–50 kV/cm)
can alter starch structure and its inherent properties [54–56]. Under the influence of PEF, the crystalline
region and the side chains of the amylopectin in the starch can be modified leading to a decrease in
the double helix binding force and disruptions to the intragranular molecular arrangement of starch
granules. Such changes in the starch promote reactions between water molecules and starch chains,
reducing the energy required for starch gelatinisation. Starch gelatinisation temperature and enthalpy
of gelatinisation were found to decrease with an increase in PEF intensity [54], suggesting that the
starch may become more susceptible to gelatinisation after PEF treatment.

4. An Overview of the Quality Parameters of Fried PEF-Treated Plant Food Materials

While it is clear that PEF pretreatment of plant materials can influence a range of reactions that
occur during frying, including altering the heat and mass transfers, Maillard reaction and starch
gelatinisation, all of these processes are expected to influence the quality of the final products. Table 1
summarises how PEF treatment can affect the quality parameters (e.g., colour, moisture content,
oil uptake, texture and toxic compound) of plant-based foods, specifically on potato, during frying.

4.1. Colour

Colour is considered the most important parameter contributing to the visual perception of the
quality of foods, and it influences the acceptance and choice of consumers. Apart from Maillard
reactions, oil degradation may also affect the colour of fried foods. For example, a high correlation
(R2 > 0.9) has been reported between the dark colour of fried tortilla chips and oil degradation time [57].
The polymerisation of triglycerides and the products of triglyceride hydrolysis, such as free fatty
acids, monoglycerides and diglycerides, during oil degradation may result in changes in colour [57].
Process variables including raw material properties (i.e., reducing sugar content, amino acids content,
protein content and dimensions), frying temperature, time and oil type can also affect the colour of
fried food [58].
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The effect of PEF treatment on the colour changes of different types of fried plant-based foods has
been reported. Specifically considering potatoes, studies by Ignat et al. [13] and Genovese et al. [49]
have both reported that the final products produced from PEF-treated potatoes are less brown with a
uniform and bright colour after frying. A similar finding was also observed in fried chips produced
from PEF-treated sweet potato [19].

4.2. Moisture Content

When a plant material is placed into hot oil, its surface temperature increases rapidly and surface
water rapidly evaporates in the form of water bubbles when its temperature rises to 100 ◦C [21]. As a
result, the surface dries quickly and forms a crust. This crust acts as an additional barrier to the escape
of water from the inner regions; therefore, the inner region is always moist compared to the outer
region [60]. A number of other factors can also affect the moisture content of fried foods such as
potato crisps, including frying temperature and time, the size and shape of the product and prefrying
procedures such as drying [61].

PEF treatment prior to frying can help to accelerate moisture loss from plant materials during
frying based on the results gathered from previous studies [14,30,61]. The effect of fast moisture loss
from PEF-treated food material on the hydrolysis of oil can lead to deterioration to frying life of the oil,
and hence further research in this aspect is recommended. However, moisture evaporation from fried
food can also form a “steam blanket” (or physical barrier) on the surface of the oil and thus prevent the
contact between atmospheric oxygen and oil, limiting the oxidation of frying oil [62].

Moreover, a faster reduction in water content has been observed in PEF-treated potato
discs/slices during air-drying process followed by frying compared to untreated potato samples [14,59].
Such findings indicate that PEF could be used to enhance/facilitate the overall drying and frying
efficiency through accelerating the moisture diffusivity and water loss owing to the cell electroporation
effect on plant cell membrane, which results in a greater diffusion of intracellular water out of the cells.
However, when most of the surface water within a potato tissue has been evaporated during frying,
the influence of PEF on water loss may become insignificant [59].

4.3. Oil Uptake

Oil is the most important ingredient for frying since it drives heat and mass transfer during
frying. As discussed in Section 2.2.2, most of the oil is absorbed by entering pores through which
moisture escapes during frying. Factors, such as frying conditions (time, temperature, food-to-oil
ratio, repeated frying), oil characteristics (quality and type) and food characteristics (size, shape,
surface roughness and porosity) and pretreatments (blanching, edible coating, vacuum drying,
PEF, etc.) may influence the amount of oil absorbed [63].

Both Liu et al. [14] and Janositz et al. [30] have reported that the oil uptake for PEF-treated potato
slices (1.5–2.5 mm thickness), after frying, was between 34 and 39% lower compared to untreated
samples. Therefore, PEF is an effective pretreatment option for solid plant materials in order to reduce
oil uptake during frying and may have implications on the management of frying oil and the quality
of fried foods. There are several possible reasons to explain this phenomenon. Firstly, PEF treatment
appears to increase the porosity of plant tissue leading to a higher vapour pressure and faster vapour
movement to the surface, thus limiting the oil absorption [30]. Secondly, a smoother cut surface
(less “feathering”) of PEF-treated plant material results in a significant reduction in the amount of
adhered oil after frying [19]. Thirdly, since PEF pretreatment can hasten starch gelatinisation during
frying, this promotes the formation of an impermeable surface layer, which consequently acts to inhibit
oil absorption [14]. Another likely phenomenon could be the cell electroporation effect of PEF in
conjunction with an increase in the formation of capillaries resulting in an increased tendency for the
oil to leach out from the pores/capillaries and thus leave the surface of the fried food.
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4.4. Texture

Fried foods are expected to have a crispy crust and a moist and soft interior [17]. Crispness,
porosity and shrinkage are regarded as the main textural indicators of fried foods.

4.4.1. Crispness

Crispness describes a quick fracture under small strain stresses owing to a low water content in
the surface layer of a thick fried piece or through a thin slice [17]. It is important to note that the effect
of PEF treatment on the crispness of fried foods cannot be assumed since this textural parameter is
highly dependent on the par-frying time and temperature, oil content, moisture content, starch content,
porosity and roughness of surface [11,61]. Cahayadi et al. [64] reported that fried crisps produced
from PEF-treated potatoes were perceived to be crunchier compared to potato crisps from untreated
potatoes, and this texture modification of the potato crisps has shown to increase the perceived satiation
of an individual and thereby reduce energy intake from snack consumption.

An important factor contributing towards the texture of French fries is their starch content
and therefore excessive starch loss during the production of French fries should be avoided [11].
While it has been recognised that PEF treatment can induce the formation of irreversible pores in cell
membranes causing leakage of cell contents (e.g., free sugars and amino acids), this electroporation
effect on plant tissue may not necessary impact severely on the leakage of polymers such as starch.
The retention of starch has been observed in PEF-treated potatoes subjected to industrial scale French
fries production [12]. In fact, potato starch granules with an average diameter of 40 μm, which possibly
became larger after PEF treatment [55], were not able to pass through the PEF-induced membrane
pores that had a maximum size of around 5 μm [65].

4.4.2. Porosity

During frying, some water vapour is unable to move through the food material because of
restrictive intercellular diffusion. As a result, superheated vapour distorts the pores and leads to the
formation of a porous structure [66]. Normally, intense water evaporation results in the formation
of more pores that are larger [66]. There are many factors influencing the porosity of fried foods,
including frying conditions (time, temperature, and pretreatments), plant material characteristics (size,
shape, component, density) and oil types. For example, it has been reported that the porosity of fried
foods increased with increasing oil temperature along with the use of hydrogenated oil [66].

Though the effect of PEF on the porosity of fried foods is yet to be reported in the literature, it is
reasonable to expect that PEF treatment may increase the porosity of fried foods according to the
observations from PEF-assisted drying process. An increase in surface porosity was found in air-dried
products (e.g., apple cubic slabs, apple slices and potato slices) due to a PEF pretreatment [16]. This is
likely to occur owing to enhanced heat and mass transfer rates caused by PEF, resulting in an intense
water evaporation and thus, an increase in the size and number of pores.

4.4.3. Shrinkage

Shrinkage is caused by water loss, resulting in the reduction of open pores and an increase in the
density of fried products [61]. During frying, shrinkage initially occurs at the surface accompanied
by the formation of a rigid outer layer. Shrinkage then moves inwards until the final volume is fixed.
Shrinkage phenomena are related to the frying time and temperature, shape, size and density of the
food materials [61]. For example, it has been reported in fried sweet potatoes that shrinkage is more
pronounced with increased frying time and higher frying temperatures [67].

No research has been published studying the influence of PEF on the shrinkage of fried foods,
but previous research on PEF-assisted drying process has suggested that PEF pretreatment could lead
to product shrinkage. Air-dried products from PEF-treated carrots and red beetroots shrink more
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compared to non-PEF treated samples owing to tissue damage caused by the cell electroporation
effect [27,68].

4.5. Toxic Compounds

Toxic compounds that may be produced during frying include acrylamide, hydroxymethylfurfural,
furan, ethylcarbamate, heterocyclic amines, polycyclic aromatic hydrocarbons and nitrosamines, all of
which are potential health risks to consumers [69]. The presence of acrylamide in fried potato
products (typically an average of 400 ng/g, where the upper recommended limit by the European
Commission is 1000 ng/g) is unavoidable [70] due to the high concentration of acrylamide precursors,
reducing sugars and asparagine in potato tubers [71]. Acrylamide has genotoxic, neurotoxic and
carcinogenic risks in animal [72]. Most acrylamide in fried foods are formed by the Maillard reaction
between reactive carbonyls and asparagine at a temperature of over 120 ◦C through a series of
intermediates [20]. Factors such as frying conditions (temperature, time, pH and pretreatment) and
material characteristics (cultivar, chemical constituents, water activity) may influence the acrylamide
content in fried plant-based foods [20].

A recent finding by Genovese et al. [49] was that the acrylamide content of potato crisps produced
from PEF-treated potatoes was about 30% lower than those for untreated crisps. PEF may considerably
reduce, through diffusion, the reactant content available to participate in the Maillard reaction and
hence the formation of toxic compounds during frying is inhibited.

5. The Use of Frying Models to Describe the Frying Process of PEF-Treated Plant Materials

Different frying models have been proposed in the literature (Figure 2). Physical models are built
based on universal physical laws and the underlying mechanisms behind frying process, so their
predictions are usually more precise and based on fundamental physical phenomena. Observational
models are built based on the fitting of experimental data, so they are also known as data-driven models.
Kinetic models are built to describe the rates of chemical reactions relevant to some universal physical
laws by fitting experimental data into the model. Therefore, kinetic models are classified under both
physical and observational models [73]. In this review, selected frying models will be briefly discussed
and then evaluated regarding their suitability to be used in describing the influence of PEF treatment
on the frying process of plant-based foods.

5.1. Physical Models to Describe Heat, Mass and Momentum Transfers

Physical frying models require equations that describe changes in mass, heat and momentum
transfers, and simultaneously considering the phase changes and physicochemical changes of
plant-based foods during frying. They can provide an in-depth understanding of the physical
process of frying, and they are usually more precise because the models are built based on the universal
laws. Most physical models for frying are macroscopic continuum models of heat, mass and momentum
transfers [73]. However, the coordinate systems, suitable equations and boundary conditions may
vary between different frying conditions. Because of the complexity of frying process, different types
of physical models have been built (Table 3). These can be divided into simple diffusion-based, crust-core
moving boundary and multiphase porous media models.
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Figure 2. Summary of mathematical models suitable to describe frying process and the model
building process.

The procedures of building physical models for the frying process are straightforward (Figure 2).
The first step is to define the purpose and describe the questions to be solved with this model.
Then, some assumptions (about shapes, geometrical dimensions, mass or heat transfer coefficients,
material properties and volume changes) are usually made to simplify the complex real-life situation [74].
The governing equations for heat, mass and momentum transfers are the core of theoretical models
and the typical equations vary between different types of models (Table 2). Heat transfer is usually
modelled by conservation of heat equation and Fourier’s equation, mass transfer is generally modelled by
conservation of mass equation and Fick’s law of diffusion and momentum transfer is always described by
conservation of momentum equation and Navier–Stokes equation [74]. Each governing equation has its
boundary conditions, which reflect the interaction between the material being fried and surroundings,
in order to describe the frying process accurately. Knowledge of boundary conditions occurring
during the frying process are required to solve these equations numerically. The commonly used
methods to obtain solutions for the boundary conditions include the finite difference, finite element,
finite volume, boundary elements, lattice gas cellular automata and lattice Boltzman methods, and many
of them rely on the commercial computational software, such as the computational fluid dynamics
and computer aided food process engineering. Then input parameters such as density, specific heat
capacity, thermal conductivity and permeability are introduced to the model. After building the
theoretical model, experimental data from frying process is used to verify the model.
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The simple diffusion-based frying model is the simplest physical model to describe frying. It is
built based on the simple heat conduction and moisture diffusion processes while ignoring the oil
absorption and water evaporation altogether in the fried material. Rice and Gamble [75] attempted
to build a one-dimensional water diffusion model combining both Fick’s first law and Arrhenius
relationship to predict the moisture loss during the frying process of potato slices and successfully
proved that the model made valid predictions regarding the early stage of frying (within the first
180 s). Likewise, Pedreschi et al. [76] applied Fick’s law of diffusion with constant and variable
effective diffusion coefficients in order to model the water loss during frying. They found that a simple
diffusion-based frying model that considered the change of diffusivity coefficient value with frying time
was relatively more precise (better fit to experimental data) in predicting the moisture content of potato
slices compared to a classic model with a constant effective moisture diffusion coefficient. However,
it is important to note that simple diffusion-based frying models are only able to provide a limited
understanding of the frying process because the complex pressure driven flow is simplified to effective
diffusion and empirical parameters, which influences their accuracy and restricts the application of
these models for different plant materials and frying conditions [77].

The crust-core moving boundary model is built based on the core and the crust regions formed in
the food material during the frying process, taking into account the moving boundary, where the
interface between the core and crust regions moves [31]. This model is expected to be more precise
than the simple diffusion-based frying model because it considers the diffusional and pressure driven
transports as well as the distributed evaporation. For example, a good agreement was found between
the experimental data (water content, centre temperature, surface temperature and crust thickness)
and predicted values using a one-dimensional moving boundary model that included pressure-driven
flow, albeit ignoring diffusion flow in the crust region [78]. Other types of crust-core moving boundary
models have been built dealing with different conditions. Acknowledging the temperature difference
at different positions of a fried food, Southern et al. [79] developed a moving boundary model using
the Fourier’s law and energy balance equation to describe heat transfer in both the core and crust
regions and significantly improved the theoretical prediction of the experimental temperature-time
values in different locations of potato crisps during frying. Moreover, van Koerten et al. [80] built a
crust-core moving boundary model based on a Nusselt correlation connecting heat transfer coefficient
and water evaporation rate, which was demonstrated to be a simple but effective model for predicting
water evaporation and temperature profile in potato cylinders of different diameters (8.5, 10.5 and
14 mm). To allow the models to be applied more widely for different conditions, Farid and Kizilel [42]
developed a unified moving boundary model, by defining a parameter which could reflect the extent of
mass diffusion relative to thermal diffusion, to predict the temperature and moisture distribution in a
food material, which can be applied in any drying and frying processes. The unified model successfully
described the temperature and moisture distributions during the frying and air-drying process for thick
(25.4 mm) and thin (2–3 mm) potato slices. Thus, crust-core moving boundary model can be a suitable
model to describe the frying process regardless of the dimensions and positions of the fried materials.
However, the rate of heat transfer during frying process is highly dependent on the food properties,
such as the thermal conductivity and water diffusivity and hence, they should be considered in the
mathematical model [81]. In addition, analytical solutions for complicated equations and boundary
conditions are sometimes unavailable. Application of PEF to plant materials is expected to alter the
microstructure and physicochemical properties (e.g., thermal conductivity and water diffusivity),
hence influencing the moving boundary of crust-core regions. Therefore, crust-core moving boundary
model could be considered in future research to describe the differences of frying process between
untreated and PEF-treated plant-based foods in a simple yet precise manner.
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The multiphase porous media model is built based on the simultaneous heat, mass and momentum
transfers. Multiphase transport in a porous media can be due to three underlying mechanisms
including the molecular diffusion for gases, capillary diffusion for liquids and convection (pressure
driven or Darcy flow for liquids or gases) [32]. The multiphase porous media model is considered
more realistic, comprehensive and can provide better insight into frying process because it includes
the temporal and spatial profiles of temperature and the transport mechanisms of water (liquid and
vapour) and air inside the fried materials [82,83]. Researchers have applied the multiphase porous
media model for different frying conditions, and hence, are able to explain the frying process from
multiple perspectives. For example, Ni and Datta [84] developed a multiphase porous media
model to predict the temperature, moisture, oil uptake and crust thickness of potato slices that
took into consideration the pressure driven flow for the oil, vapour and air phase in the porous
medium. This model shows that there is a pseudo-steady state region in the dry crust and a
transient diffusion-like profile in the wet core but it becomes spatially uniform with frying time.
Similarly, Halder et al. [77] have also developed a multiphase porous media model for potato
frying and postfrying cooling process based on the nonequilibrium equation for evaporation.
The estimated heat and mass transfer coefficients accurately reflect the process of different phases
including the nonboiling phase and surface boiling and falling rate stages in the boiling phase. As a
result, there is a reasonably good agreement between the experimental data and predicted values of
quality parameters, such as the oil content, crust thickness and acrylamide content and this model
can be applied to describe baking, meat cooking and drying processes with minor modifications.
Multiphase porous media model can be applied to vacuum frying, where Warning et al. [85] have
developed a model of potato chips by modifying the Darcy’s law to account for the Klinkenberg
effect. It works well to predict the moisture, temperature, pressure, oil content and acrylamide
content during vacuum frying and it implies that the core pressure is approximately 40 kPa higher
than the surface pressure of the potato chips. While it is clear that multiphase porous media
models are capable of describing the multifaceted physics behind frying process, some of them are
difficult to implement in real-life scenario due to the complexity of calculating the evaporation
rate. Application of PEF to plant materials is expected to influence the porosity of raw materials.
Therefore, multiphase porous media model could be suitable to describe the frying process of
PEF-treated plant materials since the model can describe the heat and mass transfers inside a
porous material in conjunction with the air flow outside the porous material, and phase changes
such as evaporation and condensation [86].
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5.2. Observational Models for Quality Prediction of PEF-Treated Fried Foods

Observational models are useful in building a relationship between the input and output
parameters, especially when the practical situations are too complex to understand and building a
physical model becomes unrealistic. When building observational models, assumptions and physical
interpretations are not necessary since only experimental data are needed to fit a mathematical
equation. Commonly used observational models includes classical statistical, artificial neural network,
genetic algorithm, fuzzy and fractal analysis models [73]. Observational models are particularly useful
to help optimise the frying process in order to obtain high-quality fried products. For example,
statistical and two-stage fuzzy models have been built to optimize the blanching and frying parameters
(e.g., oil temperature, thermal power) resulting in quality improvements of fried foods and efficiency
of frying process [92,93]. Artificial neural network models have become popular in recent years and
are considered to provide an accurate quality prediction. These models are built by selecting proper
network structures and tuning model parameters such as weight, connections and threshold values
until the fit to the experimental data is maximised. Mohebbi et al. [91] built a genetic algorithm-artificial
neural network model which could predict the moisture and oil content of fried mushroom accurately.
However, the predictive results from observational models can be significantly affected when the
physical properties or environmental conditions are altered [77]. To study the influence of PEF on some
reactions (e.g., Maillard reaction, starch gelatinisation, etc.) and quality parameters (colour, acrylamide
content, etc.) of fried foods during frying process, observational models would be suitable because
they can predict the results directly without understanding the complex reaction process.

5.3. Kinetic Models for Predicting the Rate of Frying Reactions after PEF Treatment

The quality of fried foods changes with frying time owing to chemical and physical reactions during
the frying process. The changes of food composition and quality parameters are always described
by the kinetic rate of frying reactions, which may also influence the heat and mass transfers [81].
The chemical, physical and biochemical changes such as degradation and formation of substances
(amino acid, sugar, acrylamide, etc.), texture degradation and starch gelatinisation can be evaluated by
kinetic models [94,95]. A clearer understanding of molecular level changes during the frying process
can be obtained from kinetic models because they contain characteristic kinetic parameters such as
rate constants and activation energies [96]. The frying reactions for PEF-treated plant materials can be
influenced by the treatment intensity, and accordingly, alter the kinetic parameters of the chemical,
physical and biochemical reactions occurring during frying.

The basis of a kinetic model for predicting quality changes is as follows:

dP
dt

= ± k Pn (11)

P: quality parameters, k: rate constant, t: time, n: reaction order.
Normally, reaction orders can be determined from the characteristics of a chemical reaction.

The reaction orders may vary under different circumstances due to the complicated nature of food
systems. As reported in the literature, the time dependency of chemical reactions and quality changes
of texture, colour and nutrient content usually follows a zero or first order of reaction [97,98].

The temperature dependency of the rate constant (k) can be modelled using Arrhenius equation
and Eyring’s absolute reaction rate theory model. The Arrhenius model is very common in the food
industry for quality prediction, which can be written as:

k = A exp( −Ea
RT ) (12)

A: pre-exponential factor, Ea: activation energy, R: ideal gas constant (8.3136 J/molK), T: absolute
temperature (K).
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As for the Eyring’s absolute reaction rate theory, it is formed based on the transition state theory:

A + B
k1↔ AC+ k2→ C (13)

A and B: molecules, AC+: activated complex or transition state, C: product.
The Eyring equation is as follows:

k =
kb T

h
exp ( ΔS+

R − ΔH+

RT ) (14)

ΔS+: activation entropy, ΔH+: activation enthalpy kb: Boltzmann’s constant (1.381 × 10−23 J/K),
h: Planck’s constant (6.626 × 10−34 Js).

The application of Eyring’s absolute reaction rate theory model has not been widely used to
describe frying process, but it is possible to describe some underlying mechanisms during this process.
For example, Moyano and Zúñiga [99] used the enthalpy–entropy compensation approach based
on Eyring’s absolute reaction rate theory to study the colour kinetics of French fries during frying.
The results indicated that the activation entropy decreased during frying because of the limited space
for molecular movement after drying.

6. Concluding Remarks and Future Directions

Frying is a multifaceted process involving the occurrence of heat, mass and momentum transfers
that change the physical and chemical states of the food. The application of PEF treatment to plant-based
foods is likely to enhance heat, mass and momentum transfers and is an effective emerging technology
capable in controlling Maillard reaction and promoting starch gelatinisation, during frying. As a result,
numerous quality improvements such as reduction in oil uptake and toxic compound in the final
products and improvement in process efficiency such as decreases in energy cost and consumption,
have been reported owing to the implementation of PEF technology in the frying industry. However,
the underlying mechanisms of how PEF-treated plant materials withstand the frying process and its
impact on quality parameters are not yet fully understood. Frying models are widely used to describe
the frying process and to predict quality changes but frying models to describe the frying process of
PEF-treated plant-based foods have yet to be developed. Building and validation of frying models,
either observational, physical or based on kinetics, is of future research interest in order to explain better
the underlying mechanisms and influence of PEF pretreatment on fried foods. Moreover, appropriate
frying models can then be applied universally across the frying industry to aid the optimisation of
PEF processing parameters on a wide range of plant materials in order to achieve the desired quality
parameters in the final fried products.
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Abstract: Based on unsteady state heat conduction, a mathematical model has been developed to
describe the simultaneous heat and moisture transfer during potato frying. For the first time, the
equation was solved using both enthalpy and Variable Space Network (VSN) methods, based on a
moving interface defined by the boiling temperature of water in a potato disc during frying. Two
separate regions of the potato disc namely fried (crust) and unfried (core), were considered as heat
transfer domains. A variable boiling temperature of the water in potato discs was required as an
input parameter for the model as the water is evaporated during frying, resulting in an increase in
the soluble solid concentration of the potato sample. Pulsed electric field (PEF) pretreatment prior to
frying had no significant effect on the measured moisture content, thermal conductivity or frying
time compared to potatoes that did not receive a PEF pretreatment. However, a PEF pretreatment at
1.1 kV/cm and 56 kJ/kg reduced the temperature variation in the experimentally measured potato
center by up to 30%. The proposed heat and moisture transfer model based on unsteady state heat
conduction successfully predicted the experimental measurements, especially when the equation
was solved using the enthalpy method.

Keywords: potato; frying; PEF; variable space network method; enthalpy method; approximate
quasi-steady-state analysis; explicit finite difference

1. Introduction

Deep-oil frying is one of the most common processes used for food preparation, which
is estimated as a billion-dollar industry worldwide [1]. Accordingly, monitoring and simu-
lation of the temperature time distribution in food during frying is important to warrant
the final quality of the fried food products [2]. Depending on the processing intensity,
moisture in foods is removed partially or fully during frying. In fact, a phase change from
liquid to vapor happens due to absorbing heat from hot oil during frying. Therefore, in the
food frying process, heat and mass transfer phenomena take place simultaneously.

Deep fried potatoes are among the most popular of food products owing to their avail-
ability, convenience, price and taste [3]. Several researchers have developed mathematical
models to describe the frying process of potatoes [4–6]. These models have been developed
to describe heat and mass transfer mechanism for potato frying based on either single or
two-phase systems. Based on the assumption that heat and mass transfer processes occur
independently, an analytical correlation for heat and moisture transfer coefficients based on
different potato geometries was developed by Dincer [7], who used a single-phase model
by solving the diffusion equation for both the heat and mass transfer phenomena, without

Foods 2021, 10, 1679. https://doi.org/10.3390/foods10081679 https://www.mdpi.com/journal/foods

117



Foods 2021, 10, 1679

coupling the two phases together. Costa and Oliveira [8] developed a two-phase model
(crust and core) with a time-dependent boundary condition to define the water loss in
fried potato discs. In their model system, dynamics were described as a general first-order
response to an exponential input, where the rate constants of both phases (crust and core)
were highly dependent on the thickness of potato discs while the rate constant of the
unfried phase (core) was impacted by the frying temperature. These researchers reported
that 63% of the initial moisture content in a potato still resides in the unfried phase.

Farkas et al. [9] developed a two-phase domain model to describe the heat and
mass transfers in food frying, including potato frying. In this model it was assumed
that water boiling occurs at a moving interface similar to the process of melting and
solidification [10]. To avoid complicated and time-intensive models, some researchers
have assumed that the process can be described by heat transfer equations only. For
example, Farid and Chen [4] employed the unsteady state heat conduction equation and
used the finite difference method of Murray and Landis [11] to solve the equation. Their
model eliminated the use of excessive parameters such as diffusion coefficient and mass
transfer coefficient (in addition to heat transfer parameters) which are difficult to measure
analytically. Their work successfully described the frying process but failed to predict the
gradual increase of potato center temperature in the final period of frying. To address
this issue, Southern et al. [12] defined the center of the potato disc as a region, rather than
a point, based on the cross-section area of the thermocouple used. Then, an integration
was carried out within that location. This assumption reduced the errors caused by the
displacement of the thermocouple from the center of the potato disc. They also considered
a variable surface heat transfer coefficient, which was high during boiling and lower
during sensible heating. Lastly, they considered the oil penetration effect, which altered
the properties of the fried potato discs and thus slowed down the increase in the center
temperature of the potato during the final sensible heating period. However, with this
approach, the agreement between predicted and measured temperature was poor during
this final heating period.

The use of pulsed electric field (PEF) technology as a pre-treatment in the potato
industry, especially for the production of deep-fried potato products (e.g., French fries and
potato crisps), has shown promise as a means to: achieve better process performance as
the texture of PEF-treated potatoes are more flexible, easier to cut and have a smoother cut
surface; reduce energy and water consumption during production as the integration of
PEF into existing process line can speed up the production time and reduce energy and
water use compared to conventional processing; produce better quality end product as PEF
facilitates uniform browning after frying an reduced oil uptake; and minimize food waste,
as PEF-treated potatoes have less tissue damage and are less prone to breaking [13,14]. PEF
treatment involves applying short (μs or ms in duration) and repetitive electric pulses of
high voltage across the potato which is positioned between two conducting electrodes [15].
Electric field strength, pulse frequency, pulse number, pulse shape and polarity, pulse
width and duration are important operating parameters of PEF processing [16]. When the
electric field strength of the applied pulses exceeds thresholds electrical potential of the cell
membrane, existing pores in the membrane can enlarge which affects its microstructure [17].
These changes will also impact heat, mass and momentum transfers, and affect the rate
of chemical reactions, moisture content and oil uptake during the subsequent frying
process [18]. However, heat and mass transfers during frying of PEF-treated potatoes has
not yet been reported.

To accurately model the frying process of potatoes is not trivial, as it is postulated
that the water boiling temperature will increase as the boiling interface moves towards the
potato center owing to increases in the concentration of solid soluble matters in the potato
discs as water is evaporated. To address this, an empirical correlation for water boiling
temperature as a function of interface position of fried (crust) and unfried (core) regions
was developed in the current study. The unsteady state heat conduction equation was then
solved using the enthalpy method, for the first time for potatoes, in addition to the well-
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known Variable Space Network (VSN) method previously used by other researchers [19].
The enthalpy method or the effective heat capacity method has previously been widely
used to describe melting and solidification of materials [10,20] and unlike the VSN method,
it has been applied to two- or three-dimensional geometry samples [21,22]. The enthalpy
method was applied to help overcome the computation limitations of the VSN method
when an explicit finite difference method is used in the solutions. However, a limitation
of the enthalpy method is the assumption that water boils within a very narrow range
of temperature. Both the enthalpy method and the VSN method were used in this study
to predict temperature-time distribution at different locations of the potato disc. The
complete frying time was also measured directly using the method developed by Michael
and Farid [23] for flat geometries.

Thus, this study aims to test whether the enthalpy and VSN methods based on a
moving interface defined by the boiling temperature of water in potato during frying can
describe the temperature-time distribution of PEF-treated potatoes.

2. Materials and Methods

2.1. Sample Preparation and PEF Treatment

All potatoes used in this study were harvested together, graded, washed and stored
in jute potato bags at 10 ◦C until use. Thirty individual potatoes were randomly allocated
to either untreated or PEF treated. Potatoes were PEF-treated using the batch mode of an
ELCRACK-HVP 5 (German Institute of Food Technologies, Quakenbrueck, Germany) unit
by positioning each potato tuber in the middle of the batch treatment chamber (100 mm
length × 80 mm width × 50 mm height, 400 mL capacity) consisting of two parallel
stainless-steel electrodes of 5 mm thickness separated by a distance of 80 mm. To standard-
ize the transmission of the electric currents, the whole potato tuber was fully submerged
in sodium phosphate buffer (10 mM; pH 7) [24]. Potatoes were treated with PEF at an
electric field strength of 1.1 kV/cm, pulse frequency of 50 Hz, and pulse width of 20 μs at
varying pulse numbers of 1100 and 3100 that resulted in specific energy inputs at either
54.8–57.7 kJ/kg (thereafter referred as “PEF Low”) or 149.2–159.6 kJ/kg (“PEF High”),
respectively. During PEF treatment, the pulse shape (square wave bipolar) was moni-
tored on-line using an oscilloscope (Model UT2025C, Uni-Trend Group Ltd., Dongguan,
China). The output voltage, output current, pulse energy, pulse number and load resistance
was monitored during treatment and the temperature and electrical conductivity of the
conducting medium were measured before and after PEF treatment, using a conductiv-
ity/temperature meter (CyberScan CON 11, Eutech Instruments, Queenstown, Singapore).

2.2. Moisture Content Measurement

To determine their moisture content (w), samples were cut from the surface and center
of each potato (either untreated or PEF-treated) and placed in a convection oven (Binder
drying and heating chambers ED115, Tuttlingen, Germany) at 140 ◦C for 4 h. Potato mass
was measured over time until a constant mass was achieved and the moisture content was
calculated for triplicates independent samples.

2.3. Thermal Conductivity Measurements

Thermal conductivity was measured using a ThermTest TC-30 (Fredericton, NB,
Canada), which works based on transient heat conduction. Fresh or fried potatoes were
cut in rectangular shapes (50 mm length × 25 mm width × 5 mm height) and their thermal
conductivity was measured as shown in Figure 1. Briefly, the sample was placed on the
spring-loaded sensor (Figure 1A,B) and a weight placed on top of it to ensure proper contact
(Figure 1C,D). A heat reflectance sensor was used so that the heating element was supported
on an insulated backing and surrounded by a guard ring for one-dimensional heat flow.
Heat was generated when a current was applied to the sensor coil. Simultaneously, the
rate of temperature increase was monitored by the voltage drop in the sensor, which was
calibrated to the temperature change. The thermal conductivity of the sample was inversely
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proportional to the rate of increase in the temperature. In other words, samples with a
lower thermal conductivity showed a steeper rise in temperature. Thermal conductivity
was measured in triplicate using independent samples.

 

Figure 1. Stepwise potato sample preparation for the thermal conductivity measurement: (A) the
empty ThermTest TC-30 machine; (B) placing sample in the machine; (C) a weight added to the
sample; and (D) when the weight was on the sample.

2.4. Potato Frying Experiment

Both the PEF-treated and the untreated potatoes were peeled and cut in circular discs
(40 mm diameter and 5 mm thickness). A K-type thermocouple (IEC K 0.5 × 150 mm) was
inserted into the center of the potato disc to measure its temperature during frying. The
potato disc was placed in a 4 L temperature-controlled deep fryer (Brabantia Deep Fryer
BBEK1130, Valkenswaard, The Netherlands, 393 × 280 × 280 mm) as shown in Figure 2.
The oil was held at 180 ◦C [25] using a temperature controller. Frying temperatures were
recorded over time using PicoLog TC-08 data logger (Cambridgeshire, UK) (Figure 2).
The potato preparation including skin removal, cutting and thermocouple insertion in the
center of potato discs is shown in Figure 3.

Figure 2. Potato frying experiment setup.

120



Foods 2021, 10, 1679

 

Figure 3. Stepwise sample preparation for the potato frying experiment: (A) intact potato after
PEF treatment; (B) removal of skin; (C) cutting sample in a circular disc form; (D,E) position of
thermocouple inserted into the sample before frying; and (F) position of thermocouple in the sample
upon completion of frying experiment.

2.5. Measurement of Water Boiling Temperature of Potato

The water content of a potato ranges between 70% to 80% [26] and during frying most
of it is evaporated when the water temperature reaches “boiling” [27]. However, since
the soluble matter in a potato such as sugar and potassium become more concentrated
during frying, the water boiling temperature in the potato is expected to increase over time.
This temperature elevation is expected to continue until a major proportion of free water
is removed from potato and the center temperature reaches the targeted oil temperature
(180 ◦C). To understand the elevation mechanism of water boiling temperature, potato discs
were fried in the same fryer as outlined in Section 2.4. As soon as the center temperature
of the potato disc started to rise above the water boiling temperature (i.e., >100 ◦C as
monitored using the data logger), the disc was removed immediately from the hot oil. The
water content remaining in each partially fried potato disc was determined by placing
them in an oven at 140 ◦C to dry, until a constant weight was achieved, which amount
was calculated based on the known initial moisture content of potato (Equations (1)–(3)).
Equation (3) represents the moisture content of potato in which water boiling point started
to deviate from 100 ◦C.

Initial water mass (g) = Initial potato mass before drying (g) − Potato mass after drying in an oven (g) (1)

Water remained after partial frying (g) = Potato mass when frying stopped (g) − Potato mass after drying in an oven (g) (2)

% Water remaining after partial frying =
Water remained after partial frying (g)

Initial water mass (g)
× 100% (3)

An additional experiment was conducted to estimate the boiling temperature ele-
vation of the water in potatoes. To achieve this, liquid was extracted from almost 2 kg
of potatoes, using a juicer (Nutribullet Juicer 800W, Los Angeles, CA, USA), heated and
its boiling temperature over time was recorded using a data logger. The change in the
mass of the liquid was measured at regular intervals, using an electronic kitchen scale
(Wiltshire, NSW, Australia). A correlation was developed to estimate the boiling temper-
ature elevation as a function of potato mass. It should be noted that the data obtained
was used to approximate the correlation between the water loss during frying and the
boiling temperature elevation since potato liquid does not have the same physicochemical
properties as a potato. Furthermore, it was difficult to conduct experiments above 120 ◦C as
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the liquid solution became very viscous and starch gelatinization occurred which hindered
water evaporation.

3. Mathematical Modeling

An approximate quasi-steady state was used to estimate the complete frying time of
potato and the frying process modeled by VSN and enthalpy methods using MATLAB
software (version R2020b, The MathWorks Inc., Natick, MA, USA).

3.1. VSN Method

In the VSN method, it is assumed that there are two regions of the potato discs
separated by an interface namely the “core” and “crust” regions [4]. The physical properties
of potato for the two regions of core and crust used in this study are summarized in Table 1.
The potato disc sample was assumed to be an infinite slab comprised of a porous solid
structure filled with water. The effect of shrinkage and water diffusion in the core region
were assumed to be minimal as they were fully saturated with water [4].

Table 1. Physical properties of potato discs.

Property Core Crust Reference

Thermal conductivity of potato, k (W/m·K) 0.73 0.11 Current work
Potato density, ρ (kg/m3) 1132 386 [4]

Specific heat capacity of potato, Cp (kJ/kg·K) 3.450 1.790 [4]

Parameter Value

Convection heat transfer coefficient 250 W/m2·K [4]
Boiling heat transfer coefficient 500 W/m2·K [4]

Initial moisture content 0.738 Current work

To determine the temperature of the potato discs over time, the heat conduction
equation (Equation (4)) in the form of sensible heat was first solved for the whole potato,
explicitly using a finite difference method:

∂T
∂t

= α
∂2T
∂y2 (4)

where T and t are temperature and time, respectively; α is thermal diffusivity of potato and
y refers to the position from the surface of potato disc.

As soon as the surface temperature of the potato disc reached its boiling point, a thin
layer was assumed to form a crust region needed to start the computation with the presence
of two regions as required by the VSN method [4]. Following this, Equation (4) was then
solved for both crust and core regions using the following initial and boundary conditions
(Equations (5)–(9)):

T = 0 T = Ti where Ti= 20 ◦C (5)

y = 0 h (T0 − Ts) = −kcr
∂Ts

∂y
where T0 = 180 ◦C (6)

y =
δ

2
∂T∞

∂y
= 0 (7)

y = Yn Tco = Tcr= 103 ◦C (8)

y = Yn ρco λw w
dYn

dt
= kcr

∂Tcr

∂y
− kco

∂Tco

∂y
(9)

where subscripts “s”, “cr” and “co” represent the surface, crust, and core of potato disc,
respectively. Subscript “i” refers to initial condition of potato and “o” refers to oil. δ
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denotes the full thickness of potato disc. w and λw define the moisture content, and
latent heat of boiling of water, respectively. Yn represents the interface position at each
timestep, and h and k are convective heat transfer coefficient and thermal conductivity of
the potato, respectively.

The two regions were then divided into equal space increments. To start the com-
putation, a linear temperature distribution was assumed within the initial crust layer.
The magnitude of error raised by this simplification was negligible if the assumed crust
thickness was small. An extremely small initial crust layer should be avoided; otherwise,
computation time would increase substantially to satisfy the stability requirement of the
explicit finite difference method. An initial crust layer of between 1% and 2.5% of the
potato disc thickness was deemed to be sufficient [4].

As frying proceeds, the crust thickness will increase and hence the space increment
width will expand, while the space increment width of core region will decrease. Us-
ing the explicit finite difference formulation described by Murray and Landis [11], the
nodal equations for both regions are formulated and used to calculate the dimensionless
temperature. Equations (10) and (11) represent the nodal discretization of crust and core
regions, respectively.

θj,n+1= θ j,n+j
(
θj+1,n − θj−1,n

) × (Yn+1 − Yn)

2Yn
+αcrΔtJ2(θj−1,n − 2θj,n + θj+1,n

)
Y2

n (10)

θj,n+1 = θj,n + (2J − j)
(
θj+1,n − θj−1,n

) × Yn+1 − Yn

δ − Yn
+ αcoΔtJ2(θ j−1,n − 2θ j,n + θj+1,n)(δ − Yn)

2 (11)

where θ is the difference between temperature and the water boiling temperature (T − Tb)
and subscripts “j” and “n” are space and time increments, respectively. J represents the
number of spatial increments in the crust and core regions. The interface position may be
calculated from Equation (12).

Yn+1 = Yn +

{
Δt

ρco w λw

}
×
[(

0.5 kcr J
Yn

)(
θJ−1,n − 4θ J,n

)
+

0.5 kco J
(
θJ+3,n − 4θ J+2,n

)
δ − Yn

]
(12)

During the two-region period (when both core and crust are present), heat is assumed
to transfer from the hot oil to the potato disc surface through a convection boiling process
with a coefficient higher than the convection coefficient used for a single region of core
or crust, in this case 500 versus 250 W/m2·K (Table 1) [4]. As the interface position
approaches the center of the potato disc (i.e., a distance equivalent to 1% to 2.5% of potato
disc thickness [4]), the two region computation changes to a single region computation as
only the crust is being considered. The sensible heating of the crust region was calculated
using Equation (4).

3.2. Enthalpy Method

In the enthalpy method, water evaporation is assumed to occur over a narrow arbitrary
region of boiling (Tb ± ε) ◦C, where ε is a small value (in the order of 0.5 ◦C) representing
half the phase change temperature [28]. Since a potato disc was assumed to be an infinite
slab [4], the assumption of one-dimensional heat transfer became valid. This assumption
meant that Equation (13) could be solved using initial and boundary conditions defined by
Equations (5)–(7), using an explicit finite difference method (detailed explanation referred
to the study of Gholamibozanjani and Farid [29] for modeling melting and solidification).
To guarantee stability of the finite difference method, the condition set by Equation (15)
need to be met.

ρ
∂H
∂t

= k
∂2T
∂y2 (13)

where H is enthalpy as described by Equation (14).
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H =

⎧⎪⎨
⎪⎩

CcoT, T < Tb − ε

(T − (Tb − ε)) ×
(

Cco+Ccr
2 + w λw

2 ε

)
+Cco × (Tb − ε), Tb − ε < T < Tb+ε

Ccr T + w λw + (Cco − Ccr) × Tb, T > Tb+ε

(14)

α
Δt

Δy2 ≤ 1
2

(15)

where subscript “b” denotes the water boiling temperature.
In this single-phase method, computation is conducted for three periods: First the

sensible heating of the potato until its core temperature reaches the lower bound of the
evaporating point of water, (Tb − ε) ◦C. During this sensible heating period, the specific
heat capacity and other physical properties of the potato are assumed to be constant in
the core region (Table 1). Once the potato temperature reaches (Tb − ε) ◦C, it is assumed
that a two-phase region (liquid and vapor) is formed, and evaporation starts. During this
water evaporating period, between (Tb − ε) ◦C and (Tb + ε) ◦C, enthalpy rises dramatically.
Finally, the sensible heating of the potato crust starts when the potato temperature reaches
(Tb + ε) ◦C.

3.3. Approximate Quasi-Steady State

Farid et al. [23] developed an analytical method to calculate the approximate time
required for complete frying as defined by Equations (16) and (17):

β =
(To − Tb)

ρ λw ε
(16)

t =
1
β
(

δ

2 h
+

δ2

8 kcr
) (17)

Equation (17) is derived by ignoring sensible heat, based on the assumption that the
temperature reaches the boiling point of water very fast, compared to the time required
to complete frying. This sensible heat is considered to be negligible compared to the high
latent heat of water vaporization since it accounts for less than 2% of heat absorbed during
frying [30].

4. Results and Discussion

4.1. Experimental Measurements
4.1.1. Effect of PEF Pre-Treatment on the Moisture Content, Thermal Conductivity and the
Temperature-Time Profile of Potatoes during Frying

The average moisture content of the potatoes (considering both the surface and center)
in the absence of PEF treatment was 73.5 wt %. As PEF Low- and PEF High treated potatoes
a moisture content of 74.4 wt % and 73.3 wt %, respectively, this data shows that that PEF
treatment had little effect on the moisture content of the potatoes (Table 2). The results also
showed negligible difference for moisture content within the potato from surface to center
based on the measurement technique used in this current study.

Table 2. Average, minimum and maximum moisture content (wt %) of the surface and center of
PEF-treated and untreated potatoes before frying.

Potato Surface Potato Center Overall
Average †Average * Min Max Average * Min Max

Untreated 72.7± 2.8 69.8 76.9 74.3 ± 3.3 70.1 81.6 73.5
PEF Low 75.6 ± 4.2 71.2 80.2 73.3 ± 3.1 68.1 76.0 74.4
PEF High 73.6 ± 4.7 68.6 80.2 73.1 ± 3.8 68.3 79.0 73.3

* Data presented as average ± standard deviation from 5 independent potato tubers (n = 5). † Overall average
considering the potato surface and potato center for each pre-treatment applied to the potatoes.
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The thermal conductivity of both untreated PEF treated potatoes was estimated before
and after frying and the values obtained were used in Equations (4), (10)–(13), (15) and (17)
and the boundary conditions were calculated from Equations (6) and (9). The predicted
thermal conductivities of untreated and PEF-treated potatoes are shown in Table 3. It
was found that thermal conductivity of fried discs from untreated and PEF-treated potato
tubers were in the range between 0.10 and 0.11 W/m·K. The average value for the thermal
conductivity of fresh potatoes (without frying) was 0.73 W/m·K, with a variation from
0.68 to 0.78 W/m·K. Hence, PEF treatment was concluded not to have a clear impact on
thermal conductivity of potato (Table 3). The water content in food is known to be a key
factor influencing its thermophysical properties [31,32]. Therefore, negligible difference in
the thermal conductivity for untreated and PEF-treated potatoes is expected as they had a
similar moisture content (Table 2). Note that the average values of thermal conductivity
(0.73 W/m·K for fresh potato and 0.11 W/m·K for fried potato) were used as the basis of
modeling in Section 4.2.

Table 3. Average, minimum and maximum thermal conductivity (W/m·K) of fresh and fried potatoes.

Fresh Potato Fried Potato

Average * Min Max Average * Min Max

Untreated 0.73 ± 0.04 0.68 0.75 0.11 ± 0.01 0.10 0.11
PEF Low 0.73 ± 0.03 0.71 0.76 0.11 ± 0.01 0.10 0.11
PEF High 0.78 ± 0.01 0.77 0.78 0.10 ± 0.00 0.10 0.10

* Data presented as average ± standard deviation from 5 independent potato tubers (n = 5).

The temperature-time profiles of untreated and PEF-treated potatoes during frying
were obtained when the 5 mm-thick potato disc samples were fried in an oil bath at 180 ◦C
(as described in Section 2.4). The measured center temperature for both untreated and PEF
treated potato discs are depicted in Figure 4, where different experimental measurements
are shown in gray dashed lines and the average of all measurements is shown with a
black solid line. The average center temperature of the potato disc for the untreated and
PEF-treated potatoes shared very similar temperature-time profiles.

As frying proceeded, the center temperature of the potato experienced an initial sharp
ascending (sensible heating) period, followed by a leveling off at around 103 ◦C (Figure 4,
see red arrows) (evaporation), and a final moderate ascending period (sensible). In the
initial period, the water temperature of the potato increased sensibly to its boiling point
and then stayed constant at around 103 ◦C for an extended period. All experimental
values measured in the current study as well as those reported by other researchers
consistently show that the initial boiling temperature of water in potatoes is approximately
103 ◦C [2,4,33,34]. The elevation of the boiling point is believed to occur as a result of
nucleation of steam bubbles in the superheated interface separating crust and core [34].
Therefore, the initial boiling temperature of water (Tb), in both untreated and PEF-treated
potatoes, was set to 103 ◦C, throughout the following modeling section (in Equations (14),
(16) and (21)).
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103 °C 

103 °C 

103 °C 

Figure 4. Experimental measurements of center temperature of potato discs fried at 180 ◦C for (A) untreated, or PEF-treated
at (B) PEF Low (1.1 kV/cm, 54.8–57.7 kJ/kg) or (C) PEF High (1.1 kV/cm, 149.2–159.6 kJ/kg), where water in the potato discs
typically boiled at 103 ◦C (red arrows) and starts rising after around 550 s (blue arrows). Gray dash lines in (A–C) represent
experimental measurements from 10 independent potatoes. Black solid lines in (A–C) show the average measurements
(n = 10 independent potatoes).

As the interface moves close to the center of the potato, the water inside the potato was
concentrated with soluble matters such as sugar and potassium, leading to an elevation in
water boiling temperature [35,36]. In this study, the elevation of water boiling temperature
was observed to occur at around frying time of 550 s (Figure 4, see blue arrows) and then
the average center temperature of the potato discs rose steadily after about 550 s.

In the current study, a huge variation in the temperature-time profiles between individ-
ual potato discs occurred, probably due to the biological difference between the (untreated)
potatoes. Figure 5 illustrates the extent of variation in the center temperature as a function
of frying time for untreated and PEF-treated potatoes. During the first 500 s of frying, all
the potato disc samples, regardless of pre-treatment, experienced similar temperature-time
profiles from the start of the frying until the center temperature of the disc reached the
water boiling temperature. This was illustrated by the low standard deviations obtained
for the data over the first 500 s of frying where the center temperatures of different potato
discs were situated very close to the average value (Figure 5). As the frying lapsed after
550 s, and the center temperature of the disc rose above the water boiling temperature until
it reached the oil temperature, a considerable variation in the experimental measurements
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between individual potatoes was observed. At this stage, the standard deviations of the
experimental temperature measurements between individual potatoes were high, where
the center temperature values spread out over a wider range, of 26, 18 and 26 ◦C above
the boiling temperature for untreated, PEF Low treated and PEF High treated potatoes,
respectively (Figure 5). It is important to note that the standard deviation of the measured
center temperature for different potato discs showed that the PEF Low treatment has
reduced the experimental variation, by up to 30% compared to untreated potatoes and
those pre-treated with PEF High. Potatoes pre-treated with PEF Low had a lower variation
in their temperature-time profiles than previously reported in the literature. This result
could be because PEF causes loss of cell compartmentalization and allows water to be
redistributed across various cell compartments in plant tissue [37], including extracellular
spaces [38]. Changes in the water distribution within potato cells would likely influence the
water evaporation process from potato discs during frying. In contrast, the high standard
deviation in the center temperature measurements of potato discs pre-treated under PEF
High may have occurred because the high intensity treatment had severely disrupted the
potato cell, ultimately leading to the collapsed of the cell walls [24,39,40].
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Figure 5. Averaged standard deviation of the measured center temperature for untreated and PEF
treated potato discs (n = 10 independent potatoes for each treatment).

4.1.2. Increase in the Boiling Temperature of Water in Potato during Frying

The potato discs were removed from the fryer (at 180 ◦C) when the center temper-
ature exceeded 103 ◦C and the percentage of water remaining in them was estimated
(Table 4). Approximately 72% to 86 % of the water in potato was removed during the initial
frying period.

Table 4. Average, minimum and maximum percentage of water remained in partially fried potatoes
when the center temperature exceeded 103 ◦C.

Experimental Measurements Average * Min Max

Initial potato mass before drying (g) 6.4 ± 0.9 5.6 7.5
Initial water mass (g) a 4.8 ± 0.7 4.0 5.6

Water remained after partial frying (g) b 1.0 ± 0.3 0.6 1.4

% of water remaining after partial frying c 21.0 ± 5.3 14.0 28.0
% of water removed after partial frying d 79.0 ± 5.4 71.5 85.6

* Data presented as average ± standard deviation from 5 independent potato tubers (n = 5). a Calculated based
on Equation (1). b Calculated based on Equation (2). c Calculated based on Equation (3). d Percentage of water
removed after partial frying = 100% − percentage of water remaining after partial frying.

Following the potato liquid boiling experiment described in Section 2.5, an exponential
trend between water boiling temperature elevation and the water loss percentage was
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found as water was removed due to evaporation (Figure 6). The obtained curve was shifted
along the temperature elevation axis by 3 ◦C to compensate for the nucleation of steam
bubbles in the superheated interface separating crust and core which occurs during frying
(but not in the potato liquid). It was then extrapolated to achieve a 100 wt % water loss, as
it was difficult to obtain from the experiment explained in Section 2.5.
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Figure 6. Elevation in water boiling temperature achieved from boiling the untreated potato liquid
( ) and 3 ◦C temperature correction expected (�) due to the effect of steam bubble nucleation in the
superheated interface separating crust and core.

Based on the results reported in Table 4, the experimental measurements of the potato
liquid boiling temperature (measured data in Figure 6) and data extrapolation to 100 wt %
water losses, Equation (18) was developed. It was assumed that the location of the boiling
interface determined the water remaining in the potato disc during frying and hence its
boiling point.

ΔTb= 7 × 10−10 exp(25.455 × Ym

δ/2
) (18)

It has to be noted that Equation (18) is an oversimplification of the frying process of
potato discs. During frying, not only water evaporates that causes an increase in the soluble
sugar and salt concentration, but the potatoes also experience reactions such as starch
gelatinization and protein denaturation [41] which have not been considered in this study.
Then, the fixed water boiling temperature (Tb) in Equations (10)–(12) and Equations (13)
and (14) were replaced with the variable boiling temperature of Equation (18) to be solved
via the VSN and enthalpy methods, respectively.

4.2. Mathematical Modeling Results

In the current study, the frying process of untreated and PEF-treated potatoes was
modeled following three methods (VSN, enthalpy and approximate quasi-steady state) as
described in Section 3. These models were applied for two conditions, namely: (i) at the
constant boiling temperature of water in potato at 103 ◦C (fixed conditions, based on the
results in Figure 4) and (ii) when the boiling temperature of water in the potato increases
(variable conditions) following Equation (18). Figure 7 shows the application of the VSN
method using a fixed and variable water boiling temperature to predict the measured center
temperature of untreated and PEF-treated potato discs. In the VSN model, as the interface
position moves towards center, the space increment width in the core side becomes very
small, requiring a very small time-step that otherwise would create numerical instability.
To overcome this computational problem, when the space increment reached a distance
about 2% of the potato thickness from the center, the computation was carried out based on
a single phase of crust region. As a result, a jump in the center temperature of the potato
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disc was observed as shown in Figure 7 (indicated by red and blue arrows when fixed and
variable boiling temperatures were used, respectively).
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Figure 7. Model prediction (colored lines) of measured center temperature for untreated, PEF Low and PEF High treated
potato discs (5 mm thickness) fried at 180 ◦C, using VSN method, considering at fixed (those indicated with red arrows) and
variable (those indicated with blue arrows) boiling temperatures of the water in the discs.

The modeling results were validated against the experimental measurements of un-
treated, PEF Low and PEF High-treated potatoes considering the average values of moisture
content and thermal conductivity reported in Section 4.1.1 (Tables 2 and 3 respectively).

The measured center temperature of the potato disc was also predicted using the
enthalpy method described in Section 3.2. In this method, each location went through three
regions namely core, mushy (mixture of core and crust) and crust. Thermal diffusivity for
core and crust regions was calculated using Equation (19):

αcr =
kcr

ρcr Ccr

αco =
kco

ρco Cco

(19)

In the mushy phase, the density of the crust and core was defined according to
Equation (20) [29]. In fact, as frying proceeds, oil penetrates into the potato disc making it
difficult to measure its density and hence its thermal diffusivity.

ρmushy = (1 − Xn,m)ρco + Xn,mρcr (20)

where X denotes the crust fraction of potato and is calculated from Equation (21).

Xn,m=
Tn,m − (Tb − ε)

2 ε
(21)

where subscript “mushy” refers to the phase where a mixture of core and crust exists.
Figure 8 illustrates the model prediction based on the experimental measurements of

5 mm-thick untreated, PEF Low and PEF High treated potato discs fried at 180 ◦C, using
the enthalpy method under the conditions of fixed and variable water boiling temperature.

129



Foods 2021, 10, 1679

Unlike previously developed models [2,4], the current model predicted the experimental
temperature-time measurements of potatoes reasonably well, especially at the final stage
of frying. Grid and time-step independence analysis was also assured for the enthalpy
method following the approach explained in a study conducted by Gholamibozanjani and
Farid [29].
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Figure 8. Model prediction (colored lines) of measured center temperature for untreated, PEF Low
and PEF High treated potato discs (5 mm thickness) fried at 180 ◦C, using enthalpy method and the
density of the mushy region (Equation (17)), considering fixed and variable boiling temperatures of
the water in the discs.

By increasing the space increments and applying smaller mesh sizes during computa-
tion, a smoother graph was achieved as shown in Figure 9. In general, increasing the space
increments does not contradict the grid independency analysis [29], as the latter verifies
the stability of the numerical solution, whereas increasing space increments makes the
profile smoother.

Moisture content is an important factor in determining the temperature-time profile
of a potato disc. Figure 10 shows the model prediction of the temperature of potatoes
based on the minimum, average and maximum measured moisture contents, at both the
surface and center of the potatoes, of 69 wt %, 73.8 wt % and 80 wt % for the untreated,
PEF Low and PEF High treated potatoes, respectively (Table 2). Along with the effect of
other phenomena occurring during the frying process of potato such as gelatinization and
PEF pretreatment, the difference in the potato moisture content explains the variation in
experimental measurements as shown in Figure 10.
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Figure 9. Effect of more fine mesh size during the computation of enthalpy method on the smoothness
of graph using untreated temperature-time profile as an example.
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Figure 10. Model prediction (colored lines) of center temperature for untreated, PEF Low and PEF
High treated potato discs (5 mm thickness) according to their minimum, average and maximum
measured moisture contents (MC) (see Table 2), when fried at 180 ◦C.

The advantage of the enthalpy method compared to the VSN method is that the former
does not face any computational problems and it can be applied to multi-dimensional
geometry samples, which is not the case with the VSN method. The approximate quasi-
steady state method (Equation (17)) of Smith and Farid [23] which considers core density
and crust thermal conductivity as the basis of calculations, shows that the complete frying
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of a 5 mm-thick potato disc happens after 809 s, which is compatible with those obtained
from VSN and enthalpy methods based on keeping the water boiling temperature constant.

5. Conclusions

The developed model, which integrated a variable water boiling temperature into
the conduction heat transfer equation and was solved by the enthalpy method, predicted
the experimental measurements during potato frying reasonably well. The VSN method
suffers from numerical instability when the explicit finite difference is used in its solution.
This limitation was eliminated via the use of enthalpy method. The enthalpy and the
Variable Space Network (VSN) methods based on a moving interface defined by the boiling
temperature of water in potato during frying could adequately describe the temperature
time distribution of untreated and PEF-treated potatoes even though PEF treatment did not
dramatically change the initial moisture content, thermal conductivity or the total frying
time for the potatoes to reach the targeted oil temperature. It was pleasing to note that PEF
treatment reduced the variations in the experimental measurements of the potato center
temperature time profile by up to 30%, when a low PEF treatment intensity (1.1 kV/cm and
54.8–57.7 kJ/kg) was used. This finding implies that it will narrow the confidence interval
between the predicted and measured temperature time distribution. As a consequence, the
process uniformity of PEF processing can be more controlled and the changes in quality
attributes of potato discs during frying, such as brown color formation and crispiness, can
be predicted more accurately.
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Abbreviations

Abbreviations
Nomenclature
C specific heat capacity (J/kg·K)
H convection/boiling heat transfer coefficient (W/m2·K)
H enthalpy (J/kg)
k thermal conductivity of potato (W/m·K)
t time (s)
J number of spatial increments in the crust and core regions
T temperature (◦C)
w moisture content (dimensionless)
X crust fraction (dimensionless)
y distance from the surface of potato disc sample (m)

Y
distance of the interface from surface of potato disc sample
which separates the core and crust regions (m)
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Greek sym-
bols
α thermal diffusivity of potato (m2/s)
δ full thickness of the potato disc (m)
ε an arbitrary value representing half the phase change temperature (◦C)
θ difference between temperature and the water boiling temperature (◦C)
Δ increment
ρ density (kg/m3)
λw latent heat of boiling of water (J/kg)
Subscripts
b boiling
co core
cr crust
i initial state
j space increment
n time increment
mushy a region with a mixture of core and crust
o oil
p potato
s surface of the potato disc sample
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Abstract: The current research aimed to investigate the effect of pulsed electric fields (1 kV/cm;
50 and 150 kJ/kg) followed by blanching (3 min., 100 ◦C) on the colour development of potato slices
during frying on a kinetic basis. Four potato cultivars ‘Crop77’, ‘Moonlight’, ‘Nadine’, and ‘Russet
Burbank’ with different content of glucose and amino acids were used. Lightness (L* values from
colorimeter measurement) was used as a parameter to assess the colour development during frying.
The implementation of PEF and blanching as sequential pre-treatment prior to frying for all potato
cultivars was found effective in improving their lightness in the fried products. PEF pre-treatment
did not change the kinetics of L* reduction during frying (between 150 and 190 ◦C) which followed
first-order reaction kinetics. The estimated reaction rate constant (k) and activation energy (Ea based
on Arrhenius equation) for non-PEF and PEF-treated samples were cultivar dependent. The estimated
Ea values during the frying of PEF-treated ‘Russet Burbank’ and ‘Crop77’ were significantly (p < 0.05)
lower (up to 30%) than their non-PEF counterparts, indicating that the change in k value of L* became
less temperature dependence during frying. This kinetic study is valuable to aid the optimisation of
frying condition in deep-fried potato industries when PEF technology is implemented.

Keywords: kinetic; pulsed electric field; blanching; potato; cultivar; frying; colour; lightness; first
order; activation energy; Arrhenius

1. Introduction

Pulsed electric field (PEF) processing applies a high-voltage electric field in the form
of short pulses (in the range of microseconds to milliseconds) across biological cells or
foods to develop high transmembrane potential of the cells, leading to pore formation in
the cell membrane and hence changes in the cell microstructure [1,2]. In the deep-fried
potato industry, PEF processing is conducted as an intermediate step before cutting/slicing,
blanching, pre-drying, and frying [3]. Implementation of PEF prior to cutting and blanching
has been shown to be effective to soften potato tuber tissues and improve their processing
textural quality leading to smoother cutting surface (i.e., reduced feathering) [4,5], reduction
in starch loss [4], reduction in oil uptake [4,5] and a more uniform colour development
during frying [5], as well as a reduction in acrylamide formation of the final deep-fried
potato products [6]. Previous studies have reported the effectiveness of PEF in improving
the quality of the final fried potato product. However, these studies conducted PEF
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treatments on a single potato cultivar available at the time of the experiment (e.g., ‘Agria’,
‘Rooster’, ‘Fontane’, and ‘Lady Claire’) [4–6]. This raises a question as to whether the
impact of PEF treatment, when applied at the same process intensity, is consistent across
potato cultivars with different physicochemical characteristics in terms of carbohydrate
(such as sugar and starch), protein, dry matter, and water contents [7]. So far, no previous
study has included the cultivar effect in PEF experimental designs conducted under similar
process intensities to assess its impacts on colour development when PEF-treated potatoes
are fried. Such study is indispensable for commercial deep-fried potato production since
switching or blending potato cultivars with different physicochemical characteristics before
entering the cutter/slicer is rather a common practice [8].

Blanching is one of the important unit operations that cannot be omitted during the
production of deep-fried potato products because this process results in starch gelatini-
sation as well as microstructural changes in the potato tissues by weakening the binding
between cells (i.e., middle lamella), leading to effective removal of glucose in the potato and
hence minimising the development of undesirable dark brown colour in fried potato [9,10]
that may lead to acrylamide formation [11]. This thermal process is also necessary to inac-
tivate endogenous polyphenol oxidase enzyme responsible for the enzymatic browning
in potatoes [12] and to precondition the tissue structure, enabling texture developments
such as hardness and crispiness during frying [13]. Therefore, the adoption of PEF in a
commercial potato processing line does not exclude blanching from the entire processing
line, except for potato chips/crisps processing line that is using kettle or batch frying tech-
nique. Currently, kinetic information on colour development during frying is very limited
especially for potatoes that have been subjected to PEF treatment followed by blanching.

The aim of this research was to study the kinetics of colour development during
frying of potato slices from different potato cultivars after a sequential pre-treatment of
PEF and blanching. In this study, four potato cultivars ‘Crop77’, ‘Moonlight’, ‘Nadine’,
and ‘Russet Burbank’ were selected because they had considerable difference in inherent
physicochemical properties and cooking quality or purpose (see Section 2.1). The kinetic
rate constant (k value) and activation energy (Ea value) of colour changes were predicted
on the basis of first order reaction to assess the effect of cultivars and PEF pre-treatment
applied to the potatoes prior to frying. This thorough kinetic study is a prerequisite to
understanding the colour development of potato slices as a function of frying temperature
and time. This approach is crucial to aid optimisation of frying conditions after conducting
sequential PEF and blanching pre-treatment.

2. Materials and Methods

2.1. Raw Material and Characterisation of Their Chemical Composition

Four potato (Solanum tuberosum L.) cultivars, namely ‘Crop77’, ‘Moonlight’, ‘Nadine’,
and ‘Russet Burbank’ (50 kg of tubers for each cultivar) were selected in this study. ‘Nadine’
is a common and readily available cultivar with waxy texture suitable for boiling, salads
and braises, mainly sold as a fresh market washed potato in New Zealand [14]. ‘Moonlight’
is known as an all-rounder or general-purpose potato cultivar, in which the tubers are
neither too floury not waxy, mainly grown for the local French fries industry as well
as sold as fresh market potatoes [15]. ‘Russet Burbank’ is mainly used for the French
fries industry [16]. ‘Crop77’ is a breeding line from the Plant and Food Research breeding
programme specifically for potato crisping industry [17]. After harvest, the tubers from each
cultivar were packed in 10 kg jute sacks and placed in a well-ventilated and temperature-
controlled dark room at 8.8 ± 0.5 ◦C until use. Prior to processing, the content of total
starch, amylose, glucose, total amino acids, and dry matter of the tubers was determined
(see Supplementary Materials File S1).

2.2. Pulsed Electric Fields (PEF) Treatment

For each PEF experiment, potato tubers of similar size from the same cultivar were
removed from the temperature-controlled room and acclimatised at room temperature
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(20 ◦C) overnight, before washing under running tap water to remove adhering soil. The
skin of tubers was then peeled manually using a stainless-steel hand peeler. To reduce
biological variation between and within tubers for experiment, the tubers were cut trans-
versely into equal halves, separating the stem end from the basal end. Half of the amount
of stem ends and basal ends were then allocated for control (later referred to as “Non-PEF”)
and the remaining amount for PEF treatment (later referred to as “PEF-treated”).

The halved tuber was placed in a 400 mL PEF treatment batch chamber (100 mm
length, 50 mm depth) consisting of two parallel stainless-steel electrodes (5 mm thickness,
80 mm electrode gap) with the cut surface facing the bottom of the PEF treatment chamber.
Subsequently, the chamber was filled with sodium phosphate buffer (10 mM, pH 7.0,
electrical conductivity of 1.40 ± 0.01 mS/cm at 13.77 ± 8.72 ◦C, prepared from appropriate
mixture of monosodium dihydrogen orthophosphate and disodium hydrogen phosphate
from Merck (Darmstadt, Germany)) as an electrical transferring medium, until the potato
sample was fully immersed. The total weight of the potato sample and the medium was
standardised for every PEF treatment (averaged at 316.97 ± 13.19 g).

Subsequently, potato samples were treated using an ELCRACK® HVP 5 PEF system
(German Institute of Food Technologies, Quakenbruck, Germany) at a fixed electric field
strength of 1 kV/cm, 20 μs pulse width (square-wave bipolar pulses), 50 Hz pulse frequency
at two different levels of specific energy inputs, i.e., approximately 50 kJ/kg (hereafter
referred as “PEF Low”) and 150 kJ/kg (hereafter referred as “PEF High”). Equation (1)
was used to calculate the specific energy input applied during PEF treatment. Considering
the dimension of potato used in this study (i.e., halved tuber per PEF treatment to mimic
industrial handling of potatoes), these two energy inputs were selected to achieve moderate
to severe changes in textural properties based on our preliminary studies. This was
consistent with other root vegetable studies on whole/halved potato [18], sweet potato [19]
and carrot [20]. While previous studies have employed a much lower energy (<10 kJ/kg)
on potato in the form of cubes (10–20 mm3) [5,21], cylinders (20–40 mm diameter, 4–10 mm
height) [22–24], discs (9 mm thickness) [25] and slices (2.5 mm thickness) [26] to achieve
effective cell disintegration, a higher energy input level is needed when handling whole or
halved potato tubers.

Specific energy input (kJ/kg) =
V2 · ( n · m)

R · W
(1)

where V is pulse voltage (kV), n is pulse number (dimensionless), m is pulse width (μs), R
is pulse resistance (ohm), W is the total weight of potato sample and electrical transferring
medium in the PEF chamber.

The ELCRACK® HVP 5 PEF system was equipped with built-in measurement sensors
that allowed electric field strength (kV/cm), pulse voltage (kV), pulse current (A), pulse
power (kW), pulse energy (J), total energy (kJ), pulse resistance (ohm) and pulse number
to be monitored in real time during each PEF treatment. The pulse shape and voltage
were monitored using a digital oscilloscope (UNI-Trend UTD2042C, Guangzhou, China).
The temperature and electrical conductivity of the medium were measured before and
after PEF treatment using a temperature/conductivity meter (CyberScan CON 11, Eutech
Instruments, Singapore). The average temperature and conductivity increase after “PEF
Low” were 6.07 ± 0.94 ◦C and 2%, respectively, while those after “PEF High” treatment
were 15.09 ± 1.48 ◦C and 5%, respectively. For each potato cultivar, three independent
PEF experiments were performed for “PEF Low” and “PEF High” treatments with each
experiment using 8 to 10 potato tubers, where half the amount of stem and basal ends were
used for PEF treatment and the remaining half as untreated samples. The total contact
time between potato samples and sodium phosphate buffer during PEF treatment (starting
from sample immersion in buffer solution in the PEF chamber to the completion of PEF
treatment) was averaged at 2 min. For this reason, all the untreated potatoes (“Non-PEF”)
were immersed in the sodium phosphate buffer for at least 2 min.
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2.3. Kinetic Study on the Colour Changes of Non-PEF and PEF-Treated Potato Slices during Frying
2.3.1. Kinetic Frying Experiment

The potato frying experiment was conducted using an electric fryer (Blue Seal E44E,
Birmingham, UK). The fryer was filled with 15 L canola oil (BidFood Smart Choice 19540,
Dunedin, New Zealand) and pre-heated for at least 1 h before frying. For each kinetic
frying experiment, at least 8 to 10 potato tubers were prepared and then PEF-treated with
“PEF Low” and “PEF High” treatments, as described earlier in Section 2.2. After each
PEF treatment, all potato tubers were sliced to approximately 1.0 mm thickness using a
mandolin (Benriner, Yamaguchi, Japan). Potato slices from different tubers within the same
treatment group and cultivar were then pooled together and blanched in boiling distilled
water for 3 min over an induction cooker (Micasa MA0239IC, Auckland, New Zealand).
After blanching, the excess surface water of the potato slices was reduced using a food
dehydrator (Sunbeam DT5600, Auckland, New Zealand) at 75 ◦C for 10 min. Then, the
potato slices were immediately used for the kinetic frying experiment.

At each frying temperature, approximately 50 slices of potato (±150 g) were randomly
selected and transferred into a stainless-steel frying basket. When the oil reached the
targeted temperature as monitored using a digital thermometer (Breville BMP100, Sydney,
Australia), the frying basket was immersed in the hot oil. Up to 4 potato slices from ‘Russet
Burbank’, ‘Nadine’ and ‘Moonlight’ were removed from the fryer at every time intervals
of 60 s, 40 s, and 30 s for frying temperatures of 150, 170, and 190 ◦C, respectively. Our
preliminary study showed that the colour of ‘Crop77’ potatoes changed very minimal when
being fried for up to 15 min due to the exceptional low amount of glucose for this cultivar
(Table 1). Therefore, the standard protocol for Nadine, Moonlight and Russet Burbank was
adapted for ‘Crop77’ by frying at 170, 180 and 190 ◦C to allow accurate estimation of k
and Ea values. For these reasons, potato slices from ‘Crop77’ were deep-fried at higher
temperatures of 170, 180 and 190 ◦C to better study the changes in their colour as a function
of frying time. The temperature-time profile of potato slices during frying was monitored
using a K type thermocouple (0.2 mm diameter; Labfacility, South Yorkshire, UK) and
recorded using a data logger (Picotech TC-08, Cambridgeshire, UK). As soon as the fried
potatoes were removed from the fryer, they were placed on a paper towel to absorb excess
surface oil and cooled. The kinetic frying experiment was repeated 3 times for each cultivar,
where at least 8 to 10 potato tubers were used for each independent replication.

Table 1. Tuber characteristics, dry matter, total starch, amylose, glucose, and amino acid contents of ‘Crop77’, ‘Moonlight’,
‘Nadine’, and ‘Russet Burbank’ used in this study.

Tuber Characteristics and
Chemical Contents

Potato Cultivar

‘Crop77’ †# ‘Moonlight’ † ‘Russet Burbank’ ‘Nadine’ ##

Shape of tuber Short-oval Oval Long Oval
Colour of skin Cream Cream Cream Cream
Colour of flesh White White White Cream
Dry matter (%) 24.61 ± 1.30 a 20.57 ± 0.60 b 24.09 ± 0.51 a 14.92 ± 0.38 c

Total starch (mg/g DW) 731.04 ± 69.96 a 587.34 ± 88.72 a 708.95 ± 27.21 a 722.87 ± 46.60 a

Amylose (mg/g DW) 75.53 ± 7.84 b 147.23 ± 5.38 a 81.73 ± 3.61 b 172.68 ± 10.17 a

Glucose (mg/g DW) 0.75 ± 0.09 c 20.68 ± 1.46 b 22.35 ± 1.60 b 104.64 ± 2.77 a

Total amino acids (mmol/g DW) 0.99 ± 0.07 b 1.78 ± 0.20 a 1.64 ± 0.19 a 1.64 ± 0.04 a

The data are presented as mean ± standard error (n = 3–6). Means in the same row not sharing the same letter are significantly different
at p < 0.05 between cultivars based on one-way ANOVA and Tukey’s post hoc test. DW = dry weight. † Originated from the breeding
programme of the New Zealand Institute for Plant and Food Research Limited. # ‘Crop77’ represents the low-glucose control potato in the
experimental design of this study. ## ‘Nadine’ represents the high-glucose control potato in the experimental design of this study.

The CIE L*, a* and b* colour of the fried samples was measured using a pre-calibrated
colourimeter (MiniScanEZ-4500L, Hunterlab, Reston, VA, USA) based upon tristimulus
CIE colour combination values, i.e., L* (lightness (100) to darkness (0)), a* (red (+) to green
(−)), and b* (blue (+) to yellow (−)) under D65-artificial daylight at 10◦ standard angle.
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Due to the uneven surface of the fried potato slices, each sample was crushed finely using
a bread roller and transferred into a white porcelain cup for colour measurement. A total
of three colour measurements were taken for each fried sample.

2.3.2. Estimation of the Time Dependence of the Colour Change of Potato Slices during Frying

The colour development of potato slices during frying typically followed first-order
reaction kinetics (Equation (2)), as reported in other potato cultivars namely ‘Panda’ based
on b* value [27], ‘Desiree’ based on total colour difference (ΔE) [28,29], ‘Rosetta’ based on
L*, a*, and b* values [30] and ‘Russet Burbank’ based on L*, a*, b*, and ΔE values [31].

In this study, L* (lightness) value was used to describe the colour change of potato
slices from all four cultivars, with and without PEF and blanching pre-treatments, during
frying as L* was the only parameter that best fitted to the linearised form of the first-
order model (Equation (3)) with R2 close to 0.9. The rate constant to describe changes
in the L* value (k, in s−1) at each frying temperature was then estimated on the basis of
Equation (3) [32].

L∗= L∗
0 · e−k · t (2)

ln L∗= ln L∗
0 − k · t (3)

where L* is the lightness of potato slices at frying time of t (dimensionless), L*0 is the
lightness of potato slices at time t = 0 s, k is the rate constant (s−1) for changes in the
L* value during frying, and t is frying time (s). The rate constant of lightness change
(k) at each frying temperature was estimated as the slope from the plot of the natural
logarithm of lightness (L*) against frying time (t). Microsoft Excel (Microsoft Corporation,
Redmond, WA, USA) was used to estimate k values (based on Equation (3)) for non-PEF
and PEF-treated samples fried at each frying temperature for three independent kinetic
frying experiments.

2.3.3. Estimation of the Temperature Dependence of Rate Constant for Changes in L* Value
during Frying

The temperature dependence of the rate constant k for changes in L* value during
frying was estimated using Arrhenius equation (Equation (4)), which can be linearised
using a logarithmic transformation, leading to Equation (5) [33].

k = A· exp
(−Ea

R· T

)
(4)

ln k = ln A − Ea

R· T
(5)

where k is the rate constant (s−1) for changes in L* value at a specific frying tempera-
ture as estimated from Equation (3), A is a pre-exponential factor with the same dimen-
sion as that of k, Ea is the activation energy (kJ/mol−1), R is the universal gas constant
(8.314 J·mol−1·K−1), and T is the actual frying temperature (K). The kinetic parameter Ea
was estimated using a linear regression analysis by plotting the natural logarithm of the
rate constant (k) of lightness (L*) change versus the reciprocal of the absolute temperature
(1/T) using Microsoft Excel (Microsoft Corporation, Redmond, WA, USA).

2.4. Statistical Analysis

The statistical significance of difference in the chemical content and colour parameters
of potato samples between cultivars or between treatments was calculated using Student’s
t-test for single comparison or using an analysis of variance (ANOVA) for multiple compar-
isons, followed by post hoc Tukey’s Honestly Significant Difference (HSD) test. Pearson’s
correlation coefficient (r) was used to determine the linear correlation between chemical
content in potato tuber and the colour parameters of fried samples, followed by evaluation
of statistical significance of the linear correlation with two-tailed probability values. The
criterion employed for a statistical significance of the difference was p < 0.05. All statistical
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analysis was performed using IBM SPSS Statistics version 25 (IBM Corporation, New York,
NY, USA).

3. Results and Discussion

3.1. Comparison on the Chemical Composition of Four Different Potato Cultivars

Table 1 summarises the dry matter, total starch, amylose, glucose and total amino
acid contents of the four potato cultivars used in this study. Dry matter of potato tubers
varied significantly (p < 0.05) between the four cultivars, with both ‘Crop77’ and ‘Russet
Burbank’ had the highest dry matter (>24%) and the lowest in ‘Nadine’ (<15%). Dry matter
is known to be associated with the texture of potato when fried, where potatoes rich in dry
matter usually resulted in a crispier texture after frying compared to those produced using
potato cultivars with a lower dry matter [34]. Starch is a major component in potato, and it
was found that most potato cultivars used in this study had similar total starch content
(>708 mg/g DW), except for ‘Moonlight’ with the lowest total starch content, averaged at
587.34 mg/g DW. Moreover, it was found that amylose made up at least 24% of the total
starch content in ‘Moonlight’ and ‘Nadine’, while amylose only constituted at least 10% of
the total starch content for ‘Crop77’ and ‘Russet Burbank’. Previous studies have shown
that differences in the amylose content between potato cultivars is not uncommon and
can influence the functional properties of starch, cooking quality and its end use for food
application [35,36].

Glucose is an important precursor involved in the colour development of potato
during frying, i.e., through caramelisation and the Maillard reaction [30]. When comparing
the glucose content between the potato cultivars, ‘Nadine’ displayed the highest levels of
glucose (104.64 mg/g DW), followed by ‘Moonlight’ and ‘Russet Burbank’ sharing similar
range between 21 and 22 mg/g DW, and it was interesting to detect a very low amount
of glucose in ‘Crop77’ (0.75 mg/g DW) (Table 1). Therefore, it is expected that the high
glucose content in ‘Nadine’ will lead to excessive colour browning in the potato slices
when fried. According to Bartlett, et al. [37], potato cultivar with total reducing sugars
of greater than 50 mg/g is generally considered as tubers with a high acrylamide risk in
any deep-fried potato products manufacturing line (e.g., French fries and potato crisp).
Another key precursor involved in Maillard reaction to allow reaction with the carbonyl
group of glucose is amino acid [30]. In this study, it was found that the total amino acid
contents of ‘Nadine’, ‘Russet Burbank’ and ‘Moonlight’ were similar and were significantly
(p < 0.05) higher than that of ‘Crop77’.

Clearly, ‘Crop77’ potatoes were characterised by low glucose content, low in amino
acids but high in dry matter and total starch. ‘Russet Burbank’ and ‘Moonlight’ potatoes
shared a few similarities in the chemical contents, where both cultivars had moderate levels
of glucose and amino acids. However, the starch content in ‘Russet Burbank’ was higher
than in ‘Moonlight’. High glucose and amino acids contents, in conjunction with low dry
matter are the chemical features for ‘Nadine’ cultivar. With this in mind, ‘Crop77’ and
‘Nadine’ represent the low- and high-glucose control potatoes in this study, respectively.
It is, however, important to note that the use of ‘Nadine’ tubers for deep-fried potato
processing line is typically unfavourable due to its exceptionally high glucose content and
low dry matter.

3.2. Colour Evaluation of Fried Potato Slices Produced from Non-PEF and PEF-Treated Potatoes

To justify the effectiveness of PEF in controlling the colour development of potato
slices during frying, the inclusion of low- and high-glucose control potatoes (i.e., using
‘Crop77’ and ‘Nadine’ respectively in this study) is considered for the first time in the
literature. The colour characteristics of potato slices fried under the same frying condition
i.e., at 180 ◦C for 3 min, without PEF nor blanching pre-treatments were initially assessed.
In agreement with the high glucose content found in ‘Nadine’, it is not unexpected that
the resulting fried samples from this cultivar displayed the lowest L* (reduced lightness)
and b* (reduced yellowness) (Table 2) compared to other potato cultivars, when all fried at
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180 ◦C for 3 min. On the contrary, potato slices from ‘Crop77’, with the glucose content
averaged at least 140-fold lower than ‘Nadine’, exhibited the highest L* (lightness was
at least 2-fold higher than fried ‘Nadine’), lowest a* (redness was at least 1.3-fold lower
than fried ‘Nadine’), and the highest b* (yellowness was at least 2-fold higher than fried
‘Nadine’) when fried (Table 2). The average a* values for fried potato slices from ‘Moonlight’
and ‘Russet Burbank’ were rather similar (Table 2) and significantly redder compared to
fried ‘Nadine’ and ‘Crop77’. While both ‘Russet Burbank’ and ‘Moonlight’ shared similar
glucose content (Table 1), ‘Russet Burbank’ fried samples were found to demonstrate a
higher average L* and lower b* value compared to fried samples from ‘Moonlight’. Based
on the Pearson’s correlation analysis, the difference in the colour characteristics of fried
potato slices (Table 2) from four cultivars, especially L* (r = −0.9893) and b* (r = −0.9810),
appeared to correlate significantly (p < 0.05) with the level of glucose (i.e., one of the
important precursors involved in the Maillard reaction browning during frying) found in
the tubers (Table 1). The a* value of fried potato slices was found to be positively correlated
with the total amino acids content in the tuber instead (r = 0.8769, p < 0.05). Coincidentally,
previous studies have consistently evidenced that both L* and b* values of fried potatoes
are highly associated with the glucose content of potatoes [7], while the colour parameter
a* correlates better with amino acids and acrylamide concentration [38].

Table 2. The effect of PEF pre-treatment alone (without blanching) on the L*, a* and b* values of fried
potato slices (180 ◦C for 3 min) from ‘Crop77’, ‘Moonlight’, ‘Nadine’, and ‘Russet Burbank’.

Colour Parameters
Non-PEF and No

Blanching

PEF Low
(1 kV/cm, 50 kJ/kg)
without Blanching

PEF High
(1 kV/cm, 150 kJ/kg)
without Blanching

‘Crop77’
L* 34.27 ± 2.09 a

A 33.77 ± 2.19 a
A 33.87 ± 2.40 a

A

a* 3.45 ± 1.17 a
C 3.41 ± 1.14 a

B 3.29 ± 0.99 a
C

b* 18.37 ± 2.45 a
A 18.48 ± 2.37 a

A 17.52 ± 2.49 a
A

‘Moonlight’
L* 29.21 ± 2.48 ab

C 29.75 ± 2.46 a
B 27.96 ± 2.32 b

B

a* 5.37 ± 1.17 a
A 5.05 ± 0.99 a

A 5.52 ± 1.65 a
A

b* 17.47 ± 2.53 ab
A 18.55 ± 2.68 a

A 16.97 ± 2.67 b
A

‘Russet Burbank’
L* 31.49 ± 1.84 a

B 32.33 ± 2.14 a
A 32.31 ± 1.74 a

A

a* 5.62 ± 1.01 a
A 4.47 ± 1.25 b

A 4.23 ± 0.73 b
B

b* 15.37 ± 1.62 a
B 14.88 ± 1.48 a

B 14.85 ± 1.11 a
B

‘Nadine’
L* 17.44 ± 3.38 b

D 19.31 ± 2.29 a
C 19.99 ± 3.58 a

C

a* 4.46 ± 1.59 a
B 3.62 ± 0.92 b

B 3.54 ± 1.26 b
BC

b* 9.21 ± 1.99 a
C 8.40 ± 1.31 a

C 8.58 ± 1.38 a
C

The data are presented as mean ± standard deviation (n = 15 measurements, 3 measurements from 5 independent
potato tubers per treatment). Means in the same row for each cultivar not sharing the same lowercase letter in
subscript are significantly different at p < 0.05 between untreated and PEF-treated potatoes based on one-way
ANOVA and Tukey’s post hoc test. Means in the same column for each colour parameters not sharing the same
uppercase letter in superscript are significantly different at p < 0.05 between cultivars of the same treatment based
on one-way ANOVA and Tukey’s post hoc test.

3.2.1. The Effect of PEF Pre-Treatment Alone (without Blanching) on the Colour
Characteristics of Fried Potato Slices

Based on Table 2, the colour characteristics of fried potatoes was found to be highly
dependent on the initial glucose content of the tubers and the intensity of PEF treatment.
Fried ‘Nadine’ slices produced from PEF Low treatment exhibited a higher lightness (L*)
and reduced redness (a*) compared to fried samples from untreated ‘Nadine’. Moreover,
a* was the only colour parameter for fried ‘Russet Burbank’ slices, produced from PEF
Low treatment, found to be reduced significantly (p < 0.05) when compared to untreated
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counterpart. Therefore, the results indicate that application of PEF Low pre-treatment on
the tubers prior to frying is particularly effective for high glucose-containing ‘Nadine’ to
limit the degree of Maillard browning upon frying. The cell electroporation effect of PEF on
promoting the leakage of chemical constituents [39] from potato tuber is likely the reason to
minimise the level of precursors (e.g., sugars) involved in Maillard reaction. With respect to
the ‘Crop77’ and ‘Moonlight’, the application of PEF Low treatment on the tubers did not
influence both the lightness and redness of fried potato slices. Therefore, it can be concluded
that an application of PEF Low pre-treatment on potatoes was promising in controlling
the colour development during frying when applied on a high glucose-containing potato
cultivar such as ‘Nadine’ and posed almost negligible effect when applied on a low glucose-
containing potato cultivar such as ‘Crop77’. This is because the glucose content in ‘Nadine’
potatoes was reduced by 74% with PEF Low pre-treatment while no apparent changes in
the glucose content for ‘Crop77’ potatoes before and after PEF treatment. PEF treatment
tends to cause changes to the microstructure of plant material and a recent study by
Zhang et al. [40] showed that potato cells can be severely disrupted by PEF in which larger
pores can then be formed, accelerating the mass transfer process such as leakage of cell
constituents after PEF.

Similar to PEF Low treatment, the application of PEF at higher energy (i.e., increased
from 50 to 150 kJ/kg at a fixed electric field strength of 1 kV/cm) did not cause significant
changes in the colour parameters of the fried ‘Crop77’ slices. The reason is due to the
exceptional low glucose content for this potato cultivar as no considerable in glucose
reduction was observed after PEF. If leaching of glucose from the ‘Crop77’ potato slices
did occur due to PEF, the amount of glucose remained in the tissue could be too low to
influence the colour characteristics of fried potato slices. On the contrary, it was found
that PEF High treatment significantly (p < 0.05) improved the colour parameters for both
‘Russet Burbank’ (a* reduced from 5.6 to 4.2) and ‘Nadine’ (L* increased from 17 to 20 and
a* reduced from 4.5 to 3.5) fried samples to that of their untreated counterparts. However,
it is important to note the extent of improvement in lightness and reduction of redness of
fried samples for these two cultivars by PEF High pre-treatment were similar as when PEF
Low treatment was applied to these tubers prior to frying. This result strongly suggested
that application of PEF at an electric field strength of 1 kV/cm and energy ~50 kJ/kg on
potatoes was adequate in controlling the degree of colour changes upon frying.

3.2.2. The Effect of Sequential PEF and Blanching Pre-Treatment on the Colour
Characteristics of Fried Potato Slices

When the potato slices were blanched and then fried immediately at 180 ◦C for
3 min, fried samples from all non-PEF potatoes, except for ‘Crop77’, exhibited a signifi-
cant (p < 0.05) improvement in lightness (L*) compared to their unblanched counterparts
(Table 3). The extent of L* increase was the greatest for fried ‘Nadine’, followed by ‘Moon-
light’ and ‘Russet Burbank’. The fact that fried ‘Nadine’ exhibited the greatest increase
in L* indicates that blanching is a vital unit operation to effectively remove sugars from
the potato of inherently high sugar load to reduce the excessive colour development of
fried potato slices associated with Maillard reaction. In this study, blanching was able to
cause up to 66% reduction in glucose in ‘Nadine’. Blanching pre-treatment also led to
a significant (p < 0.05) reduction in redness (a*) of fried samples for all potato cultivars,
except ‘Nadine’. With respect to the yellowness (b*) of the fried potato slices, the impact of
blanching treatment was not consistent between cultivars. Compared to their unblanched
counterparts, b* reduced significantly for blanched ‘Crop77’, increased significantly for
both ‘Russet Burbank’ and ‘Nadine’, and no changes in b* was observed for fried samples
between unblanched and blanched ‘Moonlight’. Despite this, the b* value of fried potato
slices from all 4 cultivars appeared to fall within the same range (between 12.88 and 18.03),
indicating that the variation in b* of fried samples between cultivars was minimised with
blanching pre-treatment and such observation was not found in other colour parameters of
L* and a* of fried potato samples.
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Table 3. The effect of sequential PEF and blanching pre-treatments on the L*, a* and b* values of fried
potato slices (180 ◦C for 3 min) from ‘Crop77’, ‘Moonlight’, ‘Nadine’, and ‘Russet Burbank’.

Colour
Parameters

Non-PEF
(Blanching Only)

PEF Low
(1 kV/cm, 50 kJ/kg)

Followed by Blanching

PEF High
(1 kV/cm, 150 kJ/kg)

Followed by Blanching

‘Crop77’
L* 35.04 ± 2.26 b

A 37.06 ± 1.80 a
A* 35.78 ± 1.54 b

A*
a* 2.66 ± 1.08 a

C* 1.52 ± 0.46 b
D* 2.23 ± 0.78 a

BC*
b* 17.31 ± 1.87 a

A* 17.59 ± 1.20 a
A 17.39 ± 2.39 a

A

‘Moonlight’
L* 32.94 ± 2.68 a

B* 33.15 ± 1.77 a
B* 33.72 ± 1.25 a

B*
a* 3.83 ± 1.04 a

B* 3.27 ± 0.85 b
B* 2.78 ± 0.57 b

B*
b* 18.03 ± 1.81 a

A 17.60 ± 2.06 a
A 16.28 ± 1.37 b

AB

‘Russet
Burbank’

L* 33.96 ± 2.07 b
AB* 36.71 ± 0.96 a

A* 36.86 ± 1.12 a
A*

a* 3.85 ± 1.31 a
B* 2.23 ± 0.53 b

C* 2.02 ± 0.60 b
C*

b* 16.11 ± 1.38 a
B* 16.30 ± 0.76 a

B* 15.73 ± 1.00 a
B*

‘Nadine’
L* 22.34 ± 2.60 a

C* 24.12 ± 2.14 a
C* 23.71 ± 2.96 a

C*
a* 5.37 ± 1.42 a

A* 4.34 ± 1.26 b
A* 5.15 ± 0.61 ab

A*
b* 12.88 ± 2.52 a

C* 11.50 ± 2.32 a
C* 13.03 ± 0.82 a

C*
The data are presented as mean ± standard deviation (n = 15 measurements, 3 measurements from 5 independent
potato tubers per treatment). Means in the same row for each cultivar not sharing the same lowercase letter in
subscript are significantly different at p < 0.05 between untreated and PEF-treated potatoes based on one-way
ANOVA and Tukey’s post hoc test. Means in the same column for each colour parameters not sharing the same
uppercase letter in superscript are significantly different at p < 0.05 between cultivars of the same treatment
based on one-way ANOVA and Tukey’s post hoc test. * indicates significant difference (p < 0.05) in the colour
parameters, based on a Student’s t-test, due to the blanching treatment when compared to the untreated and
PEF-treated potato samples without subjected to a blanching treatment (Table 2).

Moreover, the results from this study showed that the lightness of fried ‘Russet
Burbank’ slices with blanching pre-treatment overlapped with ‘Crop77’ and ‘Moonlight’,
which was not exhibited in their unblanched counterparts. With respect to the redness of
fried potato slices, unblanched ‘Moonlight’ and ‘Russet Burbank’ upon frying exhibited the
highest a* among all four cultivars (Table 2) and the subsequent application of blanching
step reduced their redness significantly (Table 3). Clearly, blanching can reduce the colour
development of fried potato slices and possibly minimise variation in colour across different
potato cultivars of varying levels of glucose due to the effective removal of inherent
sugars prior to frying. In fact, recent studies by Bartlett, et al. [37] and Zhang, et al. [41]
consistently reported that extending the blanching duration further provoked changes
in the microstructure of potato tissues, consequently facilitating the release of sugars
and amino acids involved in Maillard reaction, and thus maximising the reduction of
acrylamide of potato slices after frying.

The sequential PEF and blanching treatment on the colour characteristics of fried
potato slices is presented in Table 3. When PEF Low was applied to the potatoes, followed
by blanching, the L* of resulting fried samples improved significantly (p < 0.05) for those
produced from ‘Crop 77′ and ‘Russet Burbank’. Such observation was not found in those
fried samples when the potatoes were treated with PEF Low alone without subjected to
the subsequent blanching step (Table 2). In particular, the subsequent blanching step after
PEF Low treatment further increased the lightness of fried potato slices of low glucose-
containing ‘Crop 77′. Furthermore, the redness of fried samples reduced significantly
(p < 0.05) for all cultivars after the sequential PEF Low and blanching treatment compared
to their non-PEF counterparts, while the yellowness of the resulting fried samples for
all potatoes were similar to their non-PEF counterpart. Among all the cultivars, the
sequential PEF Low and blanching treatment was found effective in causing between
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22 (least in ‘Crop77’) and 74% (the greatest in ‘Nadine’) reduction in glucose. In this
context, the effective removal of glucose from potato tissues could be attributed by the cell
electroporation effect after PEF combined with the depolymerisation and solubilisation of
pectin during blanching step [42].

When the sequential PEF High and blanching treatment applied to the potatoes,
only fried ‘Russet Burbank’ samples experienced a significant (p < 0.05) increase in L*
compared to non-PEF counterparts. However, the lightness of fried ‘Russet Burbank’ was
similar when the tubers were treated with PEF Low and PEF High, suggesting that the
application of sequential PEF Low and blanching treatment was adequate to improve the
lightness of potato slices upon frying. A similar result was observed with respect to the
redness and yellowness of fried samples. The glucose result shows that the glucose amount
remaining in ‘Russet Burbank’ was similar when pre-treated with either PEF Low or PEF
High treatment. However, the sequential PEF High and blanching treatment on ‘Moonlight’
appeared effective in reducing the yellowness of the resulting fried samples (Table 3). The
reason behind could be due to the ability of sequential PEF High and blanching treatment in
causing up to 80% reduction in glucose, which has not been observed in any other cultivars.

Overall, it is interesting to observe that the colour characteristics (especially L* and a*)
of fried potato slices for all cultivars were impacted more significantly due to sequential
PEF and blanching treatments compared to when PEF treatment alone (without blanching
step) was applied. Therefore, findings from this study revealed a positive synergistic
effect of the sequential PEF and blanching treatment on potato, when tested across four
potato cultivars with varying content of inherent glucose and amino acids, in improving
the colour characteristics of fried potato slices. The result also showed that PEF treatment
could be possibly applied at a lower intensity by combining with blanching step during the
production of fried potato slices to achieve improved colour characteristics. For example,
fried ‘Russet Burbank’ and low glucose-containing ‘Crop77’ from any PEF-treated tubers
shared similar lightness. Due to consistent and significant improvements in the colour
characteristics of fried potato slices observed across four cultivars, the effect of PEF followed
by blanching treatments on the kinetics of their colour changes during frying was modelled
and is further discussed in the next section (Section 3.3). The inclusion of combined PEF as
a pre-treatment with a subsequent blanching step is considered to be a more effective and
strategic acrylamide mitigation measure when producing deep-fried potato products [43].

3.3. Kinetic Study on the Colour Changes of Sequential PEF and Blanching Pre-Treated Potatoes
during Frying

The Maillard browning reaction is a complex reaction, and colour development is
considered the final phase in this reaction [32]. The first-order kinetic model has been
applied on the initial, intermediate, and final phases of the Maillard reaction [33]. Therefore,
in this study the change in colour parameters L*, a* and b* of pre-blanched potato slices for
all four cultivars were modelled as a function of frying time and temperature. Compared
to other colour parameters, the changes in L* value followed a first-order reaction, and the
measured data fitted well to the first order reaction equation (Equation (3)) with R2 close to
0.9. Therefore, the L* parameter was used in this study to describe the colour development
of potato slices during frying.

3.3.1. Time and Temperature Dependences of L* Value Change for Non-PEF (Blanching
Only) Pre-Treated Potatoes during Frying

Representative plots of the natural logarithm of L* (ln L*) against frying time, for fried
potato slices from the four cultivars and the fitting of the first-order kinetic model to the
experimental lightness data, are illustrated in Figure 1. Clearly, changes in the lightness for
all investigated cultivars during frying obeyed first order reaction kinetics (Equation (3)).
The rate constant (k) describing the changes of L* at each frying temperature was estimated
using linear regression analysis (Table 4). The estimated rate constant k increased with
increasing frying temperature, indicating the rate of changes in lightness of potato slices
typically accelerated when they are fried at higher temperatures. At the same frying
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temperature (i.e., 170 and 190 ◦C), there was an apparent cultivar effect on the estimated k
values in L*, where the fried potato slices from ‘Nadine’ were found to darken (reduction in
L*) the fastest (1.93–2.96 × 10−3 s−1), followed by ‘Russet Burbank’ (1.63–2.87 × 10−3 s−1)
and ‘Moonlight’ (1.27–1.87 × 10−3 s−1), and the slowest in ‘Crop77’ (0.24–0.83 × 10−3 s−1).
Moreover, findings from this kinetic study revealed that the estimated k value in L* for
high glucose-containing ‘Nadine’, together with ‘Russet Burbank’ and ‘Moonlight’, fried at
150 ◦C are likely to fall into a similar rate as low glucose-containing ‘Crop77’, when fried at
190 ◦C (Table 4).

Figure 1. An example of fitting the first-order kinetic model to the experimental lightness data (natural logarithm of
L* values against frying time) at different frying temperatures for ‘Crop77’, ‘Moonlight’, ‘Nadine’ and ‘Russet Burbank’
subjected to blanching treatment only. Symbols represent the experimental lightness data (average measurements from
three independent frying experiments per frying time point where each experiment involved a batch of 8–10 potatoes) and
the predicted lightness values from the first-order reaction (Equation (3)) are represented by the continuous dots. The L*
of potato slices prior to frying was averaged at 57.15 ± 1.33, 57.09 ± 1.48, 54.60 ± 2.17 and 52.76 ± 1.49 respectively for
‘Crop77’, ‘Moonlight’, ‘Nadine’ and ‘Russet Burbank’.
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Table 4. Estimated kinetic parameters of time dependence k and temperature dependence Ea of changes in lightness (L*) of
fried potato slices produced from cultivars ‘Crop77’, ‘Moonlight’, ‘Nadine’ and ‘Russet Burbank’ without and with PEF
pre-treatment followed by blanching.

PEF Treatment
Frying

Temperature (◦C) k (×10−3 s−1) * Range of R2 for
k Estimation

Ea (kJ·mol−1) ** Range of R2 for
Ea Estimation

‘Crop77’
Non-PEF 170 0.24 ± 0.04 0.90–0.96 105.53 ± 1.16 a

A 0.90–0.99
(blanching only) 180 0.37 ± 0.03 0.92–0.93

190 0.83 ± 0.16 0.93–0.96

PEF Low 170 0.30 ± 0.07 0.84–0.91 86.78 ± 1.19 c
A 0.99–1.00

(1 kV/cm, 180 0.49 ± 0.12 0.93–0.98
50 kJ/kg) + blanching 190 0.82 ± 0.20 0.82–0.98

PEF High 170 0.22 ± 0.03 0.86–0.87 102.41 ± 0.32 b
A 1.00–1.00

(1 kV/cm, 180 0.40 ± 0.07 0.89–0.98
150 kJ/kg) + blanching 190 0.72 ± 0.11 0.95–0.98

‘Moonlight’
Non-PEF 150 0.86 ± 0.05 0.89–0.93 31.73 ± 1.03 D 0.95–1.00
(blanching only) 170 1.27 ± 0.12 0.94–0.96

190 1.87 ± 0.17 0.93–0.95

PEF Low 150 0.77 ± 0.14 0.87–0.94 32.82 ± 0.23 D 0.99–0.99
(1 kV/cm, 170 1.22 ± 0.22 0.88–0.97
50 kJ/kg) + blanching 190 1.72 ± 0.30 0.88–0.95

PEF High 150 0.84 ± 0.03 0.81–0.97 31.09 ± 0.81 C 0.91–1.00
(1 kV/cm, 170 1.23 ± 0.17 0.50–0.86
150 kJ/kg) + blanching 190 1.81 ± 0.03 0.87–0.95

‘Russet Burbank’
Non-PEF 150 0.94 ± 0.13 0.85–0.92 45.37 ± 0.85 a

B 0.96–1.00
(blanching only) 170 1.63 ± 0.21 0.84–0.95

190 2.87 ± 0.37 a 0.87–0.90

PEF Low 150 0.76 ± 0.07 0.86–0.86 35.37 ± 0.76 b
C 0.97–0.98

(1 kV/cm, 170 1.16 ± 0.26 0.83–0.83
50 kJ/kg) + blanching 190 1.82 ± 0.15 b 0.80–0.93

PEF High 150 0.66 ± 0.23 0.85–0.98 31.80 ± 1.08 c
C 0.91–1.00

(1 kV/cm, 170 1.11 ± 0.43 0.85–0.90
150 kJ/kg) + blanching 190 1.45 ± 0.53 b 0.81–0.91

‘Nadine’
Non-PEF 150 1.09 ± 0.41 0.82–0.89 41.15 ± 1.87 C 0.99–1.00
(blanching only) 170 1.93 ± 0.66 0.84–0.93

190 2.96 ± 0.99 0.91–0.96

PEF Low 150 0.95 ± 0.45 0.84–0.97 39.92 ± 1.12 B 0.88–0.96
(1 kV/cm, 170 1.69 ± 0.99 0.75–0.81
50 kJ/kg) + blanching 190 2.50 ± 1.12 0.92–0.94

PEF High 150 1.15 ± 0.31 0.84–0.88 38.85 ± 1.46 B 0.87–1.00
(1 kV/cm, 170 2.06 ± 0.63 0.88–0.89
150 kJ/kg) + blanching 190 2.95 ± 0.72 0.82–0.93

* The rate of changes in L* (k) is presented as average of estimated kinetic parameter ± standard deviation of the estimates from three
independent frying kinetic experiments (where each experiment involved a batch of 8–10 potatoes). Estimated k values within the same
cultivar and frying temperature not sharing the same lowercase letter in subscript are significantly different at p < 0.05 between non-PEF and
PEF-treated potatoes based on one-way ANOVA and Tukey’s post hoc test. ** Activation energy (Ea) is presented as average of estimated
kinetic parameter ± standard deviation of the estimates from three independent frying kinetic experiments (where each experiment
involved a batch of 8–10 potatoes). Estimated Ea values within the same cultivar not sharing the same lowercase letter in subscript
are significantly different at p < 0.05 between non-PEF and PEF-treated potatoes based on one-way ANOVA and Tukey’s post hoc test.
Estimated Ea values within the same treatment group not sharing the same uppercase case letter in superscript are significantly different at
p < 0.05 between cultivars based on one-way ANOVA and Tukey’s post hoc test.

To describe the temperature dependence of k values for the four potato cultivars, the
Arrhenius equation (Equation (5)) was used. The result of fitting the Arrhenius equation
to the natural logarithm of k (ln k) describing the change in L* for fried potatoes and the
reciprocal of absolute temperature (1/T) is depicted (Figure 2). It was found that the
estimated Ea values varied significantly (p < 0.05) according to the potato cultivar (Table 4),
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ranging from 31.73 kJ/mol (lowest in ‘Moonlight’) to 105.53 kJ/mol (highest in ‘Crop77’).
Moreover, the estimated Ea values for the changes in lightness during frying of ‘Nadine’
potato slices was significantly (p < 0.05) lower than ‘Russet Burbank’. The estimated Ea
value obtained in this study for fried ‘Russet Burbank’ (45.37 kJ/mol) was slightly higher
than previous study reported at 43.2 kJ/mol [31]. Potato cultivar displaying a lower
estimated Ea values typically indicate a lower temperature dependency of the k values
with respect to the lightness of fried samples, and vice versa for those potato cultivars
displaying a higher estimated Ea values. Overall, the k values of colour parameter L* during
the frying of ‘Moonlight’, ‘Nadine’ and ‘Russet Burbank’ potato slices appeared to be less
temperature sensitive (or more temperature stable) than that of low glucose-containing
‘Crop77’ potatoes.

Figure 2. Arrhenius plot of the natural logarithm of k values for changes in L* during frying against
the reciprocal of absolute frying temperature for ‘Crop77’, ‘Moonlight’, ‘Nadine’ and ‘Russet Burbank’
subjected to blanching pre-treatment only. Symbols represent the estimated k values for L* from
first-order reaction (Equation (3)) and the standard error bars represent the standard deviation
(average from three independent frying experiments where each experiment involved a batch of
8–10 potatoes).

3.3.2. Time Dependency of L* Value for PEF-Treated Potatoes during Frying

Table 4 summarises the rate constant (k) describing the reduction of L* increased with
frying temperature, estimated for PEF-treated potatoes of different cultivars. Interestingly,
when either PEF Low or PEF High were applied to the ‘Russet Burbank’ potatoes, a
significantly (p < 0.05) lower k value for lightness in the fried potato slices at 190 ◦C was
observed in comparison to their non-PEF (only subjected to blanching) counterparts. This
observation strongly suggests that PEF-treated ‘Russet Burbank’ experienced a slower
reduction in the L* colour parameter during frying at high temperature of 190 ◦C. It
could be that the cell electroporation effect of PEF treatment, followed by the subsequent
blanching step, modified the structural integrity of potato cells [42] and possibly altered
the levels of precursors (e.g., reducing sugars and amino acids) responsible for Maillard
browning reactions in the potato slices prior to frying, thus delaying the colour darkening
(i.e., L* reduction) in the fried potato slices. Nevertheless, fried potato slices produced
from the other three potato cultivars after sequential PEF and blanching treatments did
not exhibit a similar trend in rate of colour change in L* to that of ‘Russet Burbank’ at any
frying temperature. In other words, the estimated k values for changes in L* at each frying
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temperature for potato slices from low glucose-containing ‘Crop77’, ‘Moonlight’ and high
glucose-containing ‘Nadine’ were not affected at a statistical significant level (p > 0.05) by
any of the PEF pre-treatments applied (Table 4). This result implies that the effectiveness of
sequential PEF and blanching treatments in reducing the rate of lightness during potatoes
frying could be highly dependent on the cultivar. Apart from the differences in the
availability of precursors for the colour development in Maillard reaction, variation in
the solid content of potato has been reported to influence their tissue conductivity, thus
impacting the efficacy of PEF treatment [22].

3.3.3. Temperature Dependency of k for L* Value for PEF-Treated Potatoes during Frying

Table 4 shows the estimated activation energy (Ea) describing the changes of L* for each
potato cultivar during frying due to sequential PEF and blanching treatments. Regardless
of the intensity of PEF pre-treatment applied, the fried samples from ‘Crop77’ consistently
demonstrated the highest estimated Ea value with respect to the changes in L* during frying.
On the contrary, fried samples from any pre-treated ‘Moonlight’ consistently demonstrated
the lowest estimated Ea value.

The estimated Ea values for the rate of L* changes of fried potato slices were signif-
icantly (p < 0.05) lower in all PEF-treated ‘Russet Burbank’ compared with the non-PEF
samples (Table 4). A similar finding was found for fried samples from PEF-treated low
glucose-containing ‘Crop77’ but not for ‘Moonlight’ and high glucose-containing ‘Nadine’.
The k values describing the changes of colour parameter L* during the frying of ‘Russet
Burbank’ and ‘Crop77’ potato slices appeared to be significantly (p < 0.05) more tempera-
ture stable (i.e., reduction of estimated Ea) because of the application of sequential PEF and
blanching treatment. This is contrary to the opposite behaviour exhibited by PEF-treated
sweet potato during frying [19], where the estimated Ea value describing the temperature
dependency of the rate of changes of L* increased for PEF-treated sweet potato, suggest-
ing the resulting slices become more temperature sensitive towards browning/darkening
when fried. The discrepancy between the sweet potato result and the findings from the
present study on potato tubers could be due to the tissue type difference between the two
vegetable matrices [44], and also attributed to the fact that a blanching step was applied to
all potatoes in the present study prior to frying.

Another interesting finding from this study is that the estimated Ea values for ‘Crop77’
seem to demonstrate a PEF processing intensity specific effect, where a lower Ea value
was estimated for fried samples from ‘Crop77’ pre-treated at PEF Low compared to those
treated at PEF High. This finding was not observed for ‘Russet Burbank’ as the Ea values
for fried potato slices from PEF Low-treated were significantly (p < 0.05) higher than PEF
High-treated ‘Russet Burbank’ potato slices. Overall, potato slices from PEF-treated ‘Russet
Burbank’ (especially at PEF High) and low glucose-containing ‘Crop77’ (especially at PEF
Low) are expected to experience a small change in L* parameter (i.e., slower browning)
during frying over a wider temperature range (i.e., more temperature stable).

The availability of glucose and amino acids on the surface of potato slice, as a reactant
for the formation of melanoidin, as part of the Maillard reaction that led to browning of
potato slices during frying, is highly associated with the diffusion characteristic of potato
slices, the mass transfer of frying oil penetrating the potato slice, and moisture leaving the
potato tissue during frying [45,46]. Pore formation at the cell membrane of potato tissue
due to PEF treatment has been reported to cause changes in the diffusion characteristics
of potatoes [22,23,39,47], thus affecting the removal of sugar and the subsequent heat and
mass transfer processes during frying [48,49]. Moreover, the inclusion of a blanching step
after PEF treatment, prior to frying, is another effective way of removing excess sugar from
the potatoes by diffusion process due to severe disruption of potato tissues of the thermal
effect of blanching in weakening the binding between cells (i.e., middle lamella) [10,42]. The
aforementioned are likely the reasons that the estimated kinetic parameters underpinning
colour development during potato slices frying was significantly altered for ‘Crop77’ and
‘Russet Burbank’ when both were subjected to sequential PEF and blanching treatments
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(Table 4). However, it is not possible to explain why similar results were not observed for
‘Moonlight’ and high glucose-containing ‘Nadine’.

4. Conclusions

This study provides an important insight with respect to the colour development of
fried potato slices when potato tubers with significant inherent differences in the content of
precursors involved in Maillard reaction browning, namely glucose and amino acids, were
subjected to sequential PEF and blanching treatments prior to frying. PEF pre-treatment
did not change the kinetics of changes in L* values during frying for any of the four
cultivars, namely ‘Crop77’, ‘Moonlight’, ‘Nadine’ and ‘Russet Burbank’, which followed
first-order reaction kinetics. While frying of potato slices of low glucose-containing ‘Crop77’
exhibited the highest Ea value for changes in L* among all cultivars, it was found that the
estimated Ea value decreased significantly (i.e., more temperature stable), by at least 18%
when the potatoes were pre-treated with PEF Low prior to frying. With respect to high
glucose-containing ‘Nadine’, this cultivar is generally not suitable for commercial deep-
fried potato process lines, but the findings from this study reveal that sequential PEF and
blanching treatment is very effective at reducing the L* of ‘Nadine’ slices, with reductions
of up to 38%. In addition, the frying kinetic result of non-PEF and PEF-treated ‘Nadine’
showed that the rate of changes in L* was less temperature sensitive than equivalently
pre-treated low glucose-containing ‘Crop77’. In this study, it was rather surprising to
find that potato slices from moderate glucose-containing ‘Moonlight’ exhibited the lowest
estimated value of Ea among all cultivars for any PEF pre-treatment applied to the tubers
prior to frying, indicating the k value for changes in L* of the potato slices for this cultivar
is less temperature sensitive with increasing frying temperature. The sequential PEF and
blanching treatments appeared to benefit ‘Russet Burbank’ the most in which changes in L*
of the potato slices became more temperature stable (i.e., up to 30% reduction in Ea value
with PEF High treatment) over a wide range of frying temperature when higher intensity of
PEF was applied to the tuber prior to frying. Clearly, this research provides new evidence
that colour development of potato slices during frying can be modulated with PEF pre-
treatment on tubers in conjunction with smart selection of potato cultivar. The reduction
of estimated Ea value due to sequential PEF and blanching treatments was prominent,
particularly when frying potato slices from ‘Crop77’ and ‘Russet Burbank’, which may
bring advantages to the process control of deep-fried potato industries, especially when the
temperature distribution inside the fryer is not uniform during processing. It is expected
that the results of the present study would be helpful in predicting the impact of sequential
PEF and blanching treatments on the colour development of potato tubers from a wide
range of physicochemical properties.
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Abstract: The evolution of polyphenolic compounds and sensory properties of wines obtained from
Grenache grapes, either untreated or treated with pulsed electric fields (PEF), in the course of bottle
aging, as well as during oak aging followed by bottle aging, were compared. Immediately prior
to aging in bottles or in barrels, enological parameters that depend on phenolic extraction during
skin maceration were higher when grapes had been treated with PEF. In terms of color intensity,
phenolic families, and individual phenols, the wine obtained with grapes treated by PEF followed an
evolution similar to untreated control wine in the course of aging. Sensory analysis revealed that the
application of a PEF treatment resulted in wines that are sensorially different: panelists preferred
wines obtained from grapes treated with PEF. Physicochemical and sensory analyses showed that
grapes treated with PEF are suitable for obtaining wines that require aging in bottles or in oak barrels.

Keywords: maceration-fermentation; polyphenol extraction; PEF; Grenache; sensory analysis

1. Introduction

Maceration-fermentation is the most critical stage in the red winemaking process.
Phenolic composition, aroma, flavor, and aging capacity of wine largely depend on the extraction of
specific compounds from the grape skins in this stage [1].

Improving the degree of extraction of polyphenols during the maceration-fermentation stage
of red winemaking has been one of the most widely investigated applications of pulsed electric
fields (PEF) in recent years. Several research groups working with different grape varieties have
demonstrated that a PEF treatment applied to grapes before the maceration-fermentation stage allows
for a reduction of the contact time of grape skins with the fermenting must, or helps to obtain wines
with higher polyphenolic content [2–6]. This effect is attributed to a phenomenon called electroporation,
which involves an alteration of cell membrane permeability as a consequence of the application of an
external electric field [7].

Although certain polyphenolic compounds are located in the cell wall of grape skins and seeds,
the majority of phenolic compounds responsible for the color and sensory properties of red wine
are located inside the vacuoles of the cytoplasm of grape skin cells [8]. Electroporation of the cell
membrane therefore improves the mass transfer of those compounds to the fermenting must during

Foods 2020, 9, 542; doi:10.3390/foods9050542 www.mdpi.com/journal/foods153



Foods 2020, 9, 542

maceration. This effect can help to obtain wines with a higher concentration of polyphenols, or it
can allow for an earlier removal of the grape skins from the fermentation tanks. Electroporation can
thereby help reduce the demand for expensive fermentation tanks, and it can lead to savings in labor
costs associated with the maceration-fermentation process.

PEF treatment has proven beneficial in obtaining fresh fermented red wine which, however,
is not ready for consumption. After the maceration-fermentation stage, an aging period in bottle
or in oak barrels is required. In this stage, polyphenols participate in subsequent reactions,
which are those that actually exert the greatest influence on the overall sensory quality of finished
wine [9]. These modifications are a consequence of precipitations or degradation-polymerization
and co-pigmentation reactions that lead to the formation of new stable compounds, and which
thereby bring about important changes in the sensory properties of wine [10]. Since these reactions
depend to a great extent on the type and concentration of polyphenols obtained in the course of the
maceration-fermentation stage, it is important to be able to gain more precise knowledge regarding the
evolution of wines obtained from grapes treated with PEF during aging.

The objective of this study is to compare the evolution and sensory properties of wines obtained
from untreated and PEF-treated Grenache grapes during bottle aging, as well as during oak aging
followed by bottle aging.

2. Material and Methods

2.1. Samples and Vinification

Ca. 12,000 kg of Grenache grapes (Vitis vinifera L.) cultivated in the “Campo de Borja” appellation
of origin (A.O.) located in the Spanish region of Aragón were harvested in October 2016. Brix, pH and
total acidity of the grape must were 27.9 ± 0.2, 3.4 ± 0.3, and 4.9 ± 0.2 g.L−1 respectively.

The winemaking process is shown in Figure 1. Grape mass was distributed in four fermentation
tanks of 5000 L capacity each. Two of the tanks contained ca. 3000 kg of untreated grapes, and the two
other tanks contained ca. 3000 kg of PEF-treated grapes.

Grape skins were removed from tanks containing untreated and PEF-treated grapes after three
and six days of maceration, and fermentation was extended for 10 days.

At the end of fermentation, 100 mg of K2S2O5 L−1 were added, and wine was kept at 4 ◦C for
a stabilization period of three months. The wine was subsequently separated into two portions.
One portion was racked and aged in bottles for 24 months in a conditioned room maintained at
18 ± 1 ◦C. The other portion was racked and aged in new medium-toast American Oak barrels of 16 L
capacity (Tonelería los Pinos, Cordoba, Spain) for six months, then racked again, bottled, and stored in
bottles for a further 18 months.

2.2. PEF Equipment

PEF treatments were applied with a PM1-10 generator, (supplied by Energy Pulse Systems LDA,
Lisbon, Portugal). A high-voltage probe (Tektronix, P6015A, Wilsonville, OR, USA) and an oscilloscope
(Tektronix, TBS 1102B-EDU) were used to record and measure the shape and intensity of the pulse.
The PEF generator was connected to a collinear treatment chamber with two treatment zones (2.5 cm
length and 3.5 cm diameter).

The grape mass was pushed through the treatment chamber using a peristaltic pump (Rotho MS1,
Ragazzini, Faenza, Italy) at a flow rate of 2500 ± 200 kg h−1. The residence time of the grape mass
between the electrodes was 0.09 s. Grape mash was treated with 3.7 square pulses of 100 μs and
an electric field strength of 4 kV cm−1. Total specific applied energy was 6.2 kJ kg−1. Grape mash
temperature was measured before and after treatment, and it never increased by more than 2 ◦C.
Control samples consisted of untreated grapes that passed through the PEF treatment chamber with
the PEF modulator turned off.
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Figure 1. Schematic diagram of vinification and aging.

2.3. General Analysis of Enological Characteristics

Total acidity, alcohol content, pH, and color intensity were determined according to the methods
prescribed by the Organisation Internationale de la Vigne et du Vin [11].

2.4. Phenolic Determinations

Total polyphenol index (TPI) and anthocyanins were calculated according to Ribéreau-Gayon [12];
condensed tannins were analyzed according to Sarneckis [13].

2.5. High-Performance Liquid Chromatography (HPLC)

The individual polyphenols were analyzed by HPLC according to conditions described by
Puértolas [14]. An HPLC Varian ProStar (Varian Inc., Walnut Creek, CA, USA) high-performance
liquid chromatography system equipped with a ProStar 240 ternary pump, a ProStar 410 autosampler,
and a ProStar 335 photodiode array detector was used. Separation was achieved on a reverse-phase
column (LC Luna® 100 Å C18 250 × 4.6 mm; 5 μm particle size, Phenomenex) with a pre-column
of the same material (LC Luna 50 × 4.6 mm; 5 μm particle size, Phenomenex). Chromatograms at
280 nm (flavan-3-ols), 320 nm (hydroxycinnamic acids and derivatives), 360 nm (flavonols), and 520 nm
(anthocyanins) were recorded. The analyzed phenolic compounds were tentatively identified according
to the retention time and the UV-vis spectra of pure standards, and following the UV-vis spectral
characteristics published in the literature [1,15,16]. Concentrations of all studied compounds were
expressed in mg.L−1.

2.6. Sensory Analysis

Wines after twelve months of bottle aging, as well as wines after six months of oak aging followed
by six months of bottle aging, were sensorially evaluated by seven winemakers (4 men and 3 women
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ages 40 to 59) belonging to the official panel of “Campo de Borja” Appellation of Origin. Samples of
20 mL of wine at room temperature were presented in clear wine glasses [16] labelled with 3-digit
random codes. Panelists were distributed in individual booths, and they were not provided with
information regarding the samples to be tested.

The wines were initially evaluated by triangular discriminative analysis using a completely
randomized design, associated with a preference test. The objective of this first test was to determine
if, after aging in bottle, or in oak barrels plus bottle, the panel could distinguish between the wines
obtained from untreated grapes and those obtained from PEF-treated grapes with 3 and 6 days of
maceration. After selecting the sample that was considered different, the panelists were also asked to
indicate which sample they preferred. The preference analysis result was only taken into consideration
when a panelist correctly identified the sample that was different.

Furthermore, a descriptive sensory evaluation of the wines obtained from untreated and
PEF-treated grapes after six months of aging in oak barrels plus six months of aging in bottles
was conducted. The evaluation protocol was composed of six sensory descriptors, four of which could
be affected by the polyphenolic content of the wines: astringency, body, persistence, and color intensity.
The magnitude of sensory descriptors was measured on a scale between 0 (very low intensity) and 9
(very high intensity). Results correspond to the average of the scores reported for each panelist.

Panelists expectorate the wine after testing in both the triangle test and the descriptive
sensory evaluation.

2.7. Statistical Analysis

For wines aged in bottles, three samples from different bottles were analyzed for each condition.
In the case of oak aging, samples from two barrels for each condition, and two from subsequent aging
in bottles were analyzed.

Data presented in tables and figures represent mean values ± 95% confidence level. Analysis of
variance (ANOVA) was carried out using InfoStat statistical software in the 2018 version. The statistical
significance of each selected attribute was calculated according to Tukey’s test (p ≤ 0.05). The significant
difference for triangular tests was determined using statistical tables reported by Roessler, Warren,
and Guymon [17].

3. Results and Discussion

3.1. Physicochemical Analysis of Wine at the Time of Aging in Bottles and Oak Barrels

Table 1 shows the enological characteristics of wines obtained with 3 and 6 days of skin maceration
of untreated and PEF-treated grapes. Data correspond to the wines at the time of bottling and aging in
oak barrels. Parameter values lay within the range usually observed in Grenache variety wines [18,19].
However, the wines obtained in this study had higher alcohol content because the grapes were
harvested at the end of the campaign with high sugar concentration.

Table 1. Physico-chemical characteristics of wines obtained with 3 and 6 days of skin maceration from
untreated and PEF-treated grapes at the time of bottling and aging in oak barrels.

pH
Ethanol
(% v.v−1)

Titratable
Acidity a CI (AU) TPI (AU)

Tannin b

Content
Anthocyanins c

3 days of
maceration

Untreated 3.2± 0.01a 17.75± 0.1a 4.4 ± 0.1a 8.0 ± 0.2a 38.6± 0.2a 900.8 ± 12.5a 308.4 ± 11.2a
PEF 3.2± 0.03a 17.85± 0.1a 4.2 ± 0.2a 12.1± 0.1b 51.0± 0.3c 1232.7 ± 78.8b 421.1 ± 9.6b

6 days of
maceration

Untreated 3.2± 0.01a 17.45± 0.1a 4.2 ± 0.1a 11.6± 0.1b 45.5± 1.4b 1040.7 ± 10.0a 477.9 ± 6.4c
PEF 3.2± 0.01a 17.90± 0.1a 4.1 ± 0.1a 14.4± 0.1c 61.9± 0.9d 1457.9 ± 6.8c 513.2 ± 8.0c

Different letters within the same column represent significant differences according to one-way ANOVA analysis
(p < 0.05); CI color intensity, TPI total polyphenol index, AU absorbance units. a Expressed as tartaric acid (g L−1).
b Expressed as procyanidin (mg L−1). c Expressed as malvidin-3-glucoside (mg L−1).
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No statistically significant differences were found in the pH, nor in the total acidity of the four
wines, and the differences in ethanol content between the wine with the lowest value and the highest
value were less than one unit of ethanol (%v.v−1). These differences can be attributed to the varying
fermentation processes brought about by the yeast in the separate tanks rather than to the PEF treatment.
These results agree to previous studies that showed that PEF does not show any significant effect on
wine alcoholic content [20].

For the enological characteristics that depend on phenolic extraction during skin maceration,
values increased when grapes were treated with PEF, or when skin maceration was extended from 3 to
6 days. Statistically significant differences were found between the wines obtained from untreated
and PEF-treated grapes after 3 or 6 days of skin maceration. Greater differences were found for
color intensity (51%) and total anthocyanins (37%) between the wines obtained from untreated and
PEF-treated grapes when maceration time was shorter (3 days). The total polyphenol index and the
tannin content were 30 to 40% higher for the wines obtained from grapes treated with PEF with the
two maceration periods. These effects can be attributed to the electroporation caused by PEF that
facilitates the release of intracellular compounds [21].

3.2. Evolution of Color Intensity, Anthocyanin Content, Total Phenolic Content, and Tannin Content during
Aging in Bottles and Oak Barrels

Figures 2 and 3 show the evolution of wine characteristics depending on the polyphenols extracted
throughout the maceration stage during aging in bottle for 24 months, and aging in oak barrels for
6 months plus subsequent aging in bottle for 18 months, respectively.

Figure 2. Evolution of color intensity (A), total anthocyanins (B), total phenol index (C), and tannins
(D) of wines during 24 months of aging in bottles. (�) wine obtained from untreated grapes with
3 days of maceration; (•): wine obtained from PEF-treated grapes with 3 days of maceration; (�):
wine obtained from untreated grapes with 6 days of maceration; (�): wine obtained from PEF-treated
grapes with 6 day of maceration. Different letters represent significant differences according to one-way
ANOVA analysis (p < 0.05).
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Figure 3. Evolution of color intensity (A), total anthocyanins (B), total phenol index (C), and tannins
(D) of wines during 6 months of aging in oak barrels plus 18 months of aging in bottles. (�) wine
obtained from untreated grapes with 3 days of maceration; (•): wine obtained from PEF-treated grapes
with 3 days of maceration; (�): wine obtained from untreated grapes with 6 days of maceration; (�):
wine obtained from PEF-treated grapes with 6 day of maceration. Different letters represent significant
differences according to one-way ANOVA analysis (p < 0.05).

As previously reported during aging of Cabernet Sauvignon wine obtained with grapes treated
by PEF [14,22], in general, the application of a PEF treatment prior to the maceration-fermentation
stage did not affect the subsequent evolution of color intensity, anthocyanin content, total phenolic
content, or tannin content: neither during bottle aging, nor during oak aging followed by bottle
aging. In all cases, at the end of the aging process the values for those indexes were lowest for the
wine obtained from untreated grapes with 3 days of maceration. It has been reported that wines
obtained with techniques such as thermovinification or flash-expansion, which greatly accelerate
polyphenol extraction, produce wines that often have poor stability and little structure [23]. This effect
has been explained by the fact that these techniques promote the extraction of anthocyanins, but not
the extraction of other polyphenols that provide wine structure and anthocyanin stabilization [24].
According to our results, this effect was not observed in the wines obtained with grapes treated by PEF.
The evolution of the wine obtained with grapes treated by PEF followed the typical pattern for wine
aging reported in the literature [10].

Color intensity values of wines aged in bottles (Figure 2A) or aged in oak barrels plus bottles
(Figure 3A) did not change significantly after 24 months of storage. However, aging caused a
significant decrease in total anthocyanin content for all four wines (Figure 2B or Figure 3B). In all cases,
the reduction in anthocyanin content was more rapid during the first six months of aging. The decrease
in anthocyanins during wine aging has been attributed to precipitation and oxidation reactions [25–27].
These reactions seem to occur to the same extent in wine obtained from untreated grapes as in wine
obtained from grapes treated with PEF. Although anthocyanins are the compounds that mainly account
for the red and purple color of wine, the reduction of those compounds during aging did not affect
the color intensity. This preservation of color during aging is a consequence of the formation of
polymeric pigments lying between anthocyanins and other wine components such as tannins, and of
the formation of derived pigments by condensation. Condensation consists in non-covalent links of
anthocyanins with colorless molecules or with other anthocyanins [28,29]. Therefore, similarly to
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the wine obtained from untreated grapes, the wine obtained with PEF-treated grapes contained the
molecules that participate in the reactions that are responsible for color stabilization.

The total phenol index (TPI) for the wines aged in bottle obtained with untreated and PEF-treated
grapes with 3 days of maceration remained practically constant (Figure 2C). In the case of the wine
obtained from PEF-treated grapes with 6 days of maceration, a decrease in TPI was observed after
the 3 first months of aging, after which it remained practically constant (Figure 2C). This decrease in
TPI could be due to the precipitation of a proportion of polyphenols as a consequence of their high
initial concentration at the point of bottling. The evolution of TPI during aging in oak barrels was
similar to those in bottle. (Figure 3C). However, for the remainder of the wines, the TPI increased
during aging in barrels (6 months), after which it slightly decreased during aging in bottle. Therefore,
the extraction of phenolic compounds from the wood responsible for the TPI increment occurred both
in wines obtained with untreated grapes as in those with PEF-treated grapes. In the case of the wine
obtained with PEF-treated grapes after 6 days of maceration, an increment in TPI was not observed.
This was probably because the precipitation of polyphenols exceeded the degree of phenolic extraction
from the wood.

Tannins represented in Figure 2D or Figure 3D are formed by the polymerization of the polyphenolic
flavan-3-ol monomers catechin and epicatechin [28]. An increment in tannin content up to 12 months
of aging was observed as a consequence of the formation of polymer chains with a different degree of
polymerization for the four wines aged in bottle or in barrel. After 12 months, this index tended to
decrease slowly. Similarly to TPI, no differences in tannin content were observed at the end of aging
between the wine obtained from untreated grapes with six days of maceration and the wine obtained
from grapes treated by PEF with 3 days of maceration. These results indicate that the concentration of
alcohol after 3 days of fermentation was high enough to encourage an elevated rate of extraction of the
polyphenols that would form the tannins by polymerization. These compounds, which have a low
degree of water solubility, require the presence of ethanol in order to be extracted [30].

3.3. Evolution of the Content of Phenolic Families and Individual Phenolics during Aging in Bottles and in
Oak Barrels

The concentration of phenolic families (anthocyanins, hydroxycinnamic acids, flavonols,
and flavanols) and the individual polyphenols of the four wines after 6, 12, and 24 months of
bottle aging, or oak aging followed by bottle aging, are shown in Tables 2 and 3, respectively.
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In the course of the entire 2-year aging period, the total content of phenolic families tended to
decrease, independently of PEF treatment or maceration time. Similar results have been observed in
the aging of Cabernet Sauvignon wine obtained from grapes treated with PEF [14,22].

As in the evolution of the characteristics described above, a higher concentration of individual
phenolic compounds was generally observed in the wines obtained from PEF-treated grapes than in
those obtained from untreated grapes after an identical maceration period. The differences between
the wines obtained from untreated grapes after 6 days of maceration and the wines obtained from
PEF-treated grapes with 3 or 6 days of maceration tended to level out in the course of aging, whereby the
polyphenolic content of the wines obtained from untreated grapes with 3 days of maceration was
always lower. In all cases, no evidence of a particular effect of PEF treatment on the extraction of a
specific family or individual phenolic compound was observed.

Monomeric anthocyanins were the predominant polyphenols in all the wines. Among all
polyphenolic families, anthocyanins were considerably more reduced in all four wines, either due
to reactions associated with the formation of new stable polymeric pigments, or due to degradation
reactions. As the color of all four wines remained stable during aging, the loss of monomeric
anthocyanins seems to be due to their transformation into more stable pigments in terms of color,
rather than to their degradation. Anthocyanin decrease was more pronounced in the wines aging only
in bottle than in the wines aging in oak barrels. After 24 months of aging, total individual anthocyanins
were 20 to 40% higher for wines aged in barrels.

Malvidin-3-glucoside was the principle anthocyanin, representing practically half of all monomeric
anthocyanins in all wines. As in other studies on wine aging, the observed decrease in total monomeric
anthocyanins was mainly due to this compound’s notable decrease [14,22]. After 24 months of
aging, the concentration of malvidin-3-glucoside decreased significantly in all wines, representing
approximately one-third of all monomeric anthocyanins. This decrease was observed in the same
proportion in the wines obtained from untreated grapes as in those obtained from PEF-treated grapes.
Thus, after the same maceration period, wines obtained with untreated grapes had a lower amount of
monomeric anthocyanins compared with the wines obtained from PEF-treated grapes after 24 months
in both aging processes.

Glucoside, acetylated, and coumarylated anthocyanins evolved in a similar way, decreasing in the
course of aging in wines obtained with untreated and PEF-treated grapes.

A total of three hydrodynamic acids, five flavonols, and two flavanols were identified and
quantified in all wines. The evolution of these polyphenolic families in wines obtained from untreated
and PEF-treated grapes was similar in the course of aging, either in bottles, or in oak barrels. In all
cases, a progressive decrease throughout aging was observed. In general terms, by the end of the aging
process, the highest value in these families was observed in the wine obtained from grapes treated
with PEF after 6 days of maceration, and the lowest values thereof in the wines obtained after 3 days of
maceration with untreated grapes.

Similar results as those discussed regarding different polyphenol families were observed for the
individual polyphenols of each family as well. The evolution of individual polyphenols was similar in
the two wines obtained from untreated and PEF-treated grapes after aging in bottles, or oak barrels
with subsequent bottling. In all cases, a decrease in the concentration of these compounds was observed
through time. The wine obtained from grapes treated with PEF after 6 days of maceration presented
the highest amount of hydroxycinnamic acids in the course of aging, mainly due to a higher amount
of t-caftaric acid. This wine also presented the highest amount of flavonols, whereby myricetin-3-
glucoside was the most abundant flavonol. In the case of flavanols, after 6 months of aging their content
tended to be higher in the wines in oak barrels than in the wines exclusively aged in bottles. This higher
content is related to the extraction of flavanols from oak wood [10]. Whereas after 6 months of aging
the content of (+)-catechin was higher than the content of (-)-epicatechin in all wines, after 24 months
of aging the content of both flavanols was similar.
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3.4. Sensory Evaluation

Table 4 shows the percentages of correct responses identifying the odd sample in the triangle test
and the results of the preference test. Significant sensory differences were detected by the panelists
in the wines obtained with untreated or PEF-treated grapes after 3 and 6 days of maceration when
aged either in bottles or in oak barrels. All panelists were able to differentiate the wines obtained
with untreated or PEF-treated grapes after 3 days of maceration for both types of aging (bottles vs.
oak barrels plus bottles). In both cases, a majority of panelists (86%) preferred wines elaborated with
PEF-treated grapes. When the wines obtained with untreated and PEF-treated grapes with 6 days of
maceration were compared, panelists had more difficulty in differentiating them (71% success) when
they had aged in bottles. However, all seven panelists were able to differentiate them when they had
aged in barrels. In both cases, panelists likewise preferred the wine obtained from grapes treated
with PEF. Finally, independently of the type of aging, panelists were able to differentiate the wines
obtained with grapes treated by PEF with 3 days of maceration from the wines obtained with 6 days of
maceration with untreated or PEF-treated grapes with a success rate of 86%.

Table 4. Triangle test and percentage of preference for each of the comparisons among wines obtained
from untreated and PEF-treated grapes with 3 and 6 days of maceration after aging in bottles (12 months),
and in oak barrels (6 months) followed by bottle aging (6 months).

Triangle Test
(Percentage of Correct

Responses) a

Preference Test (Percentage of Preference) b

Control-3
Days

PEF-3 Days
Control-6

Days
PEF-6 Days

Bottles

Untreated-3
days/PEF-3 days

100 *** 14 86 - -

Untreated-6
days/PEF-6 days

71 * - - 29 71

PEF-3 days/PEF-6 days 86 ** - 29 - 71

PEF-3
days/Untreated-6 days

86 ** - 57 43 -

Oak barrels

Untreated-3
days/PEF-3 days

100 *** 14 86 - -

Untreated-6
days/PEF-6 days

100 *** - - 43 57

PEF-3 days/PEF-6 days 86 ** - 14 - 86

PEF-3
days/Untreated-6 days

86 ** - 71 29 -

a Significant differences between the samples *, **, *** are statistically significant at p ≤ 0.05, p ≤ 0.01 and p ≤ 0.001
respectively. b Proportion of preferences statistically different to 50 % according to chi-square test.

In the preference test, panelists preferred the wines obtained from grapes treated with PEF with
longer maceration times when they had aged in bottle (71%) or in oak barrels (57%). Smaller differences
were observed in the panelists’ preferences between the wine obtained from grapes treated with PEF
and 3 days of maceration (57%) and the wine obtained from untreated grapes and 6 days of maceration
(43%), but 71% of the panelists preferred the wine obtained from PEF-treated grapes after six months
of aging in oak barrels.

In summary, these results indicate that the improvement in polyphenolic extraction brought about
by the application of a PEF treatment prior to maceration permits to obtain wines that are sensorially
different from those obtained with untreated grapes. In all cases, panelists preferred wines obtained
from grapes treated with PEF after aging in bottles, or in oak barrels. These results support conclusions
previously reached in the comparison of physicochemical wine characteristics. The application of a
PEF treatment to the grapes permitted to reduce maceration time from 6 to 3 days without negatively
affecting the wines’ physicochemical and sensory characteristics. When comparing wines obtained
with untreated and PEF-treated grapes after longer maceration periods, smaller differences were
observed in characteristics depending on polyphenol extraction, but from a sensory point of view the
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wine obtained from grapes treated by PEF was preferred by panelists, especially after it had aged
6 months in barrels.

Figure 4 displays the sensory profiles of the wines obtained from untreated and PEF-treated
grapes with 3 and 6 days of maceration after six months of oak aging and 6 months of bottle aging.
This evaluation confirmed the differences among the wines already observed through physicochemical
analysis. Wine obtained from untreated grapes and 3 days of maceration was clearly distinct from
the remaining wines. It had a lower intensity in flavor, and lower descriptors directly related with
polyphenol content such as color intensity, body, astringency, and persistency.

Figure 4. Cobweb diagram of the mean sensory scores (n = 7) for the significant mouthfeel (M) and
flavor (F) attributes of wines obtained from untreated and PEF-treated grapes with 3 and 6 days of
maceration after six months of oak aging and 6 months of bottle aging. Attributes identified with
* indicate statistical significance at p < 0.05.

On the other hand, smaller differences in sensory descriptors were obtained between the other
three wines, thereby confirming the potential of PEF for the reduction of maceration time without
impairing physicochemical characteristics and sensory properties of wine, even after aging.

4. Conclusions

Results obtained in this study reveal that the extraction of different families of polyphenols and
individual polyphenols was significantly affected by PEF treatments, resulting in wines possessing a
higher content of those compounds when compared with wines obtained from untreated grapes after
the same amount of maceration days. However, the wine obtained from grapes treated by PEF with
different maceration times followed an evolution similar to the wine obtained from untreated grapes
in the course of 24 months of bottle aging, or oak aging followed by bottle aging.

Physicochemical and sensory analysis showed that grapes treated by PEF can result in wines not
only suitable for everyday consumption, but also in certain high-quality wines that require aging in
bottles or in oak barrels Finally, the higher alcohol content of the wines obtained in this study is an
issue that should be considered when comparing results obtained in this research with others obtained
from PEF-treated grapes with lower concentrations of sugars.
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