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Abstract: Thermal treatments are widely-used strategies in the food industry to inactivate microorganisms
and enzymes in order to guarantee safe products without the need for preservatives, while still prolonging
their shelf life. Commercial sterilization usually relies on pressurized hot water or steam, often leading
to long process times and to surface dehydration phenomena and overheating. However, from the
recent studies in the field of radio frequency heating, it has emerged that food products can be processed
with time-temperature regimes that are much milder than those required with conventional techniques,
resulting in minimal modification of the sensory and nutritive attributes of the food product itself. In the
present work, raw bovine milk was sterilized through a combination of steam and radio frequencies, at
various temperatures. Alongside the chemical composition, the pH, acidity, and total mesophilic count
have been evaluated before and after the process and at the different exit temperatures, in order to study
the impact of this technique on milk quality and safety aspects, during a storage period of 55 days at +4◦C.
Moreover, the organoleptic properties of milk have been studied using artificial senses coupled with
chemometrics. Different temperatures lead to homogenous physicochemical and microbiological results,
which conform to those expected for a good quality bovine milk. The assessment of flavor and appearance
revealed retained or the minimally modified milk sensorial properties. Therefore, RF heating appears to
be a suitable technique for the production of safe milk with a prolonged shelf life up to 40–45 days and
without significant alterations of the organoleptic and nutritional attributes.
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1. Introduction

Thermal treatments are common strategies used in the food industry to inactivate microorganisms
and enzymes in order to guarantee safe products, replacing the utilization of preservatives, and
prolonging the shelf life of food [1]. To reduce adverse thermal degradation while still ensuring safety
for liquid foods, high-temperature short-time (HTST) processes have been developed [2–4]. This
approach, which relies on pressurized hot water or steam, often leads to low heat-transfer rates [5].
Indeed, most food products are dielectric materials, that is, they have poor electrical-conduction
properties, which are often associated with a poor thermal conductivity. In other words, it would
take a long time to heat a dielectric material [6]. However, the direct interaction between food and
electromagnetic energy can significantly reduce the time required to reach the target temperature,
leading to an improvement of the organoleptic qualities, the appearance, and the nutritional values
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of the product [4]. Milk, being a highly perishable good, is submitted to heat treatments to eliminate
potential pathogens and spoilage organisms, as well as to improve its shelf life [7,8]. Pasteurized milk
has a keeping quality of about one week at cold storage, while ultra-high temperature (UHT) milk
can be held at room temperature for several months [9–11]. On the other hand, the production of this
type of milk is related to undesired and thermally-derived alterations, such as a caramelized, “cooked”
flavor [12–14]. Therefore, novel manufacturing techniques have been introduced for the production of
extended shelf life (ESL) milk, which tastes like fresh milk, but which also has a prolonged shelf life, i.e.,
up to 4 weeks in the cold chain distribution [11]. From recent studies in the field of radio frequency (RF)
heating, it has emerged that food products can be processed with milder time-temperature regimes
compared to those required with conventional techniques, resulting in a minimal modification of the
product [15]. RF occupies the electromagnetic frequency spectrum comprised between 3 kHz and
300 MHz, but this frequency range also includes frequencies adopted in telecommunication systems.
In order to avoid interferences between the different applications, the ITU Radio Regulation and the
CISPR11 standard define that the specific frequencies allowed for industrial, scientific, and medical
applications, with unrestricted radiation limits: 13.56 MHz, 27.12 MHz and 40.68 MHz. The most used
frequency worldwide is 27.12 MHz, because although a higher frequency results in a more efficient
power transfer to the product to be heated, 40.68 MHz is subject to restrictions in many nations [16,17].
In order to generate the high frequency electric field E, a high voltage is generally applied to the
applicator, which is a system made of conductors having a geometry designed in order to maximize
the energy transfer to the product, as well as to optimize the field distribution into it. In Figure 1,
a schematic representation of an RF system is shown.
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pipe, a possible applicator (Figure 2) is composed of an optimized electrode configuration that 
surrounds a U-shaped Teflon tube, in which the product continuously flows. 

Figure 1. Schematic representation of an RF system.

The inverter regulates the input voltage level and the voltage to the applicator. The step up power
transformer increases the voltage level, from low to high voltage. The rectifier circuit transforms
the incoming voltage from alternating (AC 50 Hz) to direct (DC). The rectifier circuit feeds the
oscillating circuit (RF generator) in order to have a high voltage at 27.12 MHz applied to the applicator.
The applicator is the last part of the scheme. The applicator is designed to generate and maximize
the electric field in the product. As an example, in order to treat liquid products in a pipe, a possible
applicator (Figure 2) is composed of an optimized electrode configuration that surrounds a U-shaped
Teflon tube, in which the product continuously flows.

Teflon is transparent to RF. The electrodes are drilled metallic discs in which a Teflon pipe is
installed. Each of the two vertical pipes is surrounded by electrodes, alternatively connected to the
ground and the high voltage link. In RF heating pasteurization processes, the temperature to apply to
the product is a parameter set by the operator, while a close loop control optimizes in real time the
voltage of the electrodes in order to achieve a very accurate process result. Nowadays, thanks to the
use of numerical simulator, it is also possible to design a full 3D multi-physics model (electromagnetic,
thermal and fluid-dynamic) of the application and to simulate the process conditions in order to predict
the treatment conditions with accuracy [18,19]. The main advantage of this technique is the rapid
and volumetric generation of heat within the product, which offers uniform heating in short times [4].
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Due to the high penetration depth of the RF waves, this technique is suitable for food products that are
already bottled or packed [16]. Another potential advantage of RF heating in thermal processing is
the energy saving. The process can be highly automated, providing a cleaner work environment [4].
Therefore, the aim of this work was to study the impact of different RF heating protocols on quality
and safety aspects of raw bovine milk, using artificial senses coupled with chemometric tools. Other
authors have investigated the effect of RF heating on dairy products, such as yogurt [20,21] and powder
milk [22]; however, this is the first study using electronic senses to achieve this task. Consisting of
an array of sensors, exhibiting various selectivity and pattern recognition systems that analyze the
sensor responses, this process is inspired by the neurophysiology of the smell and taste [23]. Electronic
senses have been used in various research fields; however, most attention has been paid to the food
industry [7]. This technology has been dedicated to the automatic analysis of samples with complicated
compositions, to the recognition of their characteristic properties, and generally, they are assigned to
fast qualitative analysis [23]. Chemical multisensor systems are among the most promising approaches,
being direct, rapid, precise, and accurate, with minimal or no sample preparation [24]. In addition,
a novel method combining the artificial senses, called “sensor fusion”, is increasingly used in food
quality assessment, significantly enhancing the performance of the same instruments when used
individually [25].Electronics 2018, 7, x FOR PEER REVIEW  3 of 12 
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2. Materials and Methods

2.1. Milk Samples and Heat Treatment

A lab-scale 2.21 kW dielectric heater, operating at 27.12 MHz, was used to sterilize 1000 L of raw
bovine milk, which was provided from a local manufacturer, and stored at 4 ◦C. The bulk tank was
divided into 11 aliquots of approximatively 90 L. The samples were passed through a conventional
pasteurizer, based on a plate heat exchanger, with a flow rate of 150 L/h. Combinations of steam
and RF have been used at various temperatures, ranging from 75 to 125 ◦C, corresponding to the exit
temperature of the dielectric heater, which has been set with a ∆T of 15 ◦C with respect to that of
the pasteurizer. Moreover, the total residence time for the process was 6.9 s. The same manufacturer
provided us with UHT and pasteurized milk samples, used for the further comparisons. All the
thermal treatments have been carried out at the same location.

2.2. Alkaline Phosphatase and Lactoperoxidase

The effectiveness of the treatments has been verified monitoring the residual activities of Alkaline
phosphatase (ALP) and Lactoperoxidase (LPO). Milk samples were analyzed for ALP level using the
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Fluorophos system (Advanced Instruments Inc., Norwood, MA, USA), according to the manufacturers’
instructions, and the AOAC (Association of Official Analytical Chemists) method 991.24 [26]. Test for
LPO has been performed according to Sharma and Rajput (2014) [27]. Negative and positive controls
were also prepared and tested [28].

2.3. Physicochemical and Microbiological Analyses

Macro-components, e.g., lipids, proteins, lactose, and acidity have been quantified using a MilkoScan
FT2 (Foss Electric, Hillerød, Denmark), according to the manufacturers’ instructions, and the method ISO
(International Standard Organization) 9622:2013 [29]. The measurements of pH have been performed
with a portable pH-meter (XS Instruments, Carpi, Italy). Total mesophilic count (TMC) has been
performed in compliance with the method UNI EN ISO 4833-1:2013 [30].

2.4. Artificial Sensory Analyses

The analysis of milk aroma is an especially complex problem, as its heterogeneous nature makes
difficult to isolate flavor-active chemicals based on general proprieties like polarity or volatility. In this
sense, the electronic nose (E-nose), which relies on a non-separative working mechanism, can be seen
as a powerful tool for the evaluation of aroma compounds in the volatile fraction of a sample [7,31].
This instrument is defined as a device comprising a vapor sampling system, an array of broadly tuned
gas sensors, and an appropriate method for pattern recognition which is capable of recognizing simple
or complex odors, and designed to mimic the olfaction of mammals [24]. The E-nose used in this
study (FOX 4000, Alpha M.O.S., Toulouse, France) is equipped with an array of 18 MOS (Metal-oxide
semiconductor) gas sensors whose resistance is modulated in the presence of a target gas or vapor
combined with an automatic headspace sampler HS100. To perform analysis, 1 mL of each milk
sample was pipetted into a septa-sealed screw-cap bottle, and positioned in the auto-sampler racket.
Instrumental settings were as follows (Table 1).

Table 1. E-nose settings.

Acquisition Oven

Duration 120 s Incubation time 300 s
Period 1 s Incubation temperature 60 ◦C

Time 1080 s Syringe
Flow of the carrier gas 150 mL/min Flushing time 120 s

Injection Temperature 70 ◦C
Volume 1000 µL Fill speed 500 µL/s
Speed 1000 µL/s Agitator

Speed 500 rpm
On 5 s
Off 2 s

Chemical compounds showing the five basic taste qualities have been evaluated with an electronic
tongue (E-tongue). This analytical tool includes an array of non-specific, poorly selective chemical
sensors, with partial specificity, which operates in an aqueous environment, for the recognition of
qualitative and quantitative composition of multispecies solutions [32]. A wide variety of chemical
sensors can be employed in the design of E-tongues; however, most of these systems are based on
potentiometric sensors, of which ion-selective electrodes represent the largest group. The potential
of the ion-selective electrodes is a function of the activity of the ionic species in the sample solution,
and it is formed in the ion-sensitive membrane, where selective complexation and ion recognition
occurs [24]. In this study, a commercially-available E-tongue (αAstree, Alpha M.O.S., Toulouse, France)
was employed. The αAstree measurement system consists of seven potentiometric sensors, specifically
designed for food and beverage analysis; an Ag/AgCl reference electrode (Metrohm, Ltd., Herisau,
Swiss), a mechanical stirrer, a 48-position auto-sampler, and an electronic unit for signal amplification
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and analog to digital conversion. The assays were carried out using aqueous solutions of milk in order
to dilute the fat content, which could affect the electric signals recorded from the sensors. The 25 mL
solutions have been prepared with 5 mL of milk filled with bi-distilled water. Each measurement lasted
120 s, and the sensors were rinsed for 10 s with bi-distilled water after every acquisition. Measurement
data, obtained for each solution, was taken as the average of the last 10 s. Moreover, prior to each
analysis cycle, the sensors were conditioned and calibrated with aqueous hydrochloric acid 0.01 M
as recommended by the manufacturer [33–35]. Heated milk usually experiences a color change; for
this reason, computer vision has been used to control the possible alterations. This technique encloses
the capturing, processing, and analysis of two-dimensional images, and aims to duplicate the effect
of human vision by electronically perceiving and understanding an image in order to obtain useful
information about physical objects [24,36,37]. To perform the analysis, a computer vision system, Iris
Visual Analyzer 400 (Alpha M.O.S., Toulouse, France), was used. Milk samples were positioned into
the measurement chamber, which guarantees controlled light conditions, and the images were acquired
with a black background [38,39]. Digital cameras are able to register the color of any pixel from the
image using three-color sensors per pixel, which captures the intensity of the light in the red (R),
green (G) or blue (B) spectrum [40]. The exploration of data was performed with PCA (Principal
Component Analyses). This is a dimension reduction technique which creates a few new variables
called “principal components” (PCs) from the linear combination of the original variables, allowing the
distribution of samples and variables to be easily plotted and visually analyzed using the Euclidean
distance as a similarity metric [24].

3. Results and Discussion

3.1. Effectiveness of the Treatment

ALP and LPO are two milk’ native enzymes which are often used as retrospective indexes for
the degree of heating applied during the process of pasteurization, and to discriminate between
well-pasteurized and raw or insufficient heat-treated products [41]. ALP is inactivated during the
process of pasteurization, while LPO is more heat-stable, and it is inactivated if the milk has been
exposed to higher temperatures [42]. Hence, it is expected that a successful treatment will lead to milk
where at least ALP is absent. In agreement with this, the fluorimetric assay for ALP was negative
for all the samples, while the test for LPO was positive at 75 ◦C, and negative from 80 ◦C onwards.
A comparison of the present result with those obtained for pasteurized and UHT milk is given in
Table 2.

Table 2. Results for ALP and LPO tests, and comparison with pasteurized and UHT milk.

Milk Type ALP LPO

RF-heated at 75 ◦C Negative Positive
RF-heated at 80 ◦C Negative Negative
RF-heated at 85 ◦C Negative Negative

Pasteurized Negative Negative
UHT Negative Positive

3.2. Physicochemical and Microbiological Properties

In order to assess the impact of RF heating on safety and quality aspects of milk, physicochemical
and microbiological parameters were determined [43–47] before and after the process, at the different
exit temperatures. The results obtained for lipids, proteins, lactose, pH, and acidity conform with those
expected for a good quality bovine milk, despite a slight fat separation, observed at lower temperatures
(Table 3).
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Table 3. Physicochemical and microbiological parameters for good quality bovine milk, raw milk and
RF-heated milk.

Sample Lipids
(%)

Proteins
(%)

Lactose
(%) pH Acidity

(SH◦/50 mL)
TMC

(CFU/mL)

Good quality bovine milk 3.4–3.8 3.1–3.4 4.6–4.9 6.5–6.7 2.8–3.8 <50,000
Raw milk 3.80 3.22 4.81 6.62 3.40 56,000

RF-heated milk at 75 ◦C 3.28 3.24 4.83 6.61 2.95 180
RF-heated milk at 80 ◦C 3.33 3.23 4.81 6.60 3.35 530
RF-heated milk at 85 ◦C 3.39 3.23 4.81 6.61 3.25 47
RF-heated milk at 90 ◦C 3.49 3.23 4.80 6.60 3.15 14
RF-heated milk at 95 ◦C 3.59 3.20 4.77 6.60 3.20 25

RF-heated milk at 100 ◦C 3.73 3.23 4.79 6.60 3.10 9
RF-heated milk at 105 ◦C 3.74 3.22 4.77 6.61 3.30 4
RF-heated milk at 110 ◦C 3.73 3.23 4.79 6.60 3.10 <1
RF-heated milk at 115 ◦C 3.72 3.19 4.76 6.61 3.35 <1
RF-heated milk at 120 ◦C 3.70 3.20 4.75 6.61 3.25 <1
RF-heated milk at 125 ◦C 3.63 3.13 4.66 6.62 3.25 <1

Moreover, physicochemical parameters for raw and RF-heated samples are comparable,
demonstrating that the heat treatment does not affect the composition of milk, even at high
temperatures. Lactose is one of the main ingredients; however, bacteria use it to grow, with the
production of lactic acid, which leads to lower pH values and to an increase in acidity [48]. At the same
time, milk coagulation or curdling occurs, along with the development of a characteristic, undesired,
“sour” flavor [49]. In general, not-spoiled milk shows acidity from 2.8 to 3.8 SH◦/50 mL, and pH
values from 6.5 to 6.7. In agreement with this, the obtained results conform to those that were expected
(Table 3). While physicochemical parameters are retained, a drastic reduction in the TMC values has
been observed (Table 3). This is a generic test, widely applied to determine the microbial quality of a
product, for those organisms that grow aerobically in the range 25–40 ◦C, but one which is unable to
differentiate among these types of bacteria. According to the Council Directive 92/46/EEC, cow milk
that is intended for human consumption should not exceed a TMC of 50,000 CFU/mL, while the limit
for UHT milk is 100 CFU/mL. Therefore, following the radio frequency heating, samples meet the
normative requirements. Moreover, at temperatures higher than 85 ◦C, the sterility is comparable to
that of an ultra-high temperature processed milk.

3.3. Organoleptic Properties

Fresh, good-quality milk is characterized by three features, namely, (1) a characteristic, subtle, and
delicate flavor, (2) a pleasant mouth-feel, since it is an emulsion of fat globules dispersed in a colloidal
aqueous solution, and (3) a slightly sweet and salty taste, due to the presence of lactose and salts [7,31].
When we describe the aroma of foods, we often use the term “taste” to indicate sensations that are
usually quite complex and include, to a large extent, smell sensations. When we introduce food into
our mouth, taste receptors located on the surface of the tongue are stimulated and send signals to the
brain. However, at the same time, especially as a result of mastication, many volatile components are
also released, and reach the olfactory mucosa through an opening, which is situated on the upper
wall of the palate. This combination of sensations is what makes up “flavor” [50]. To reproduce
this effect, the sensor outputs were concatenated into a single matrix, with an approach called “data
fusion”, which combines the outputs of multiple instrumental sources, and which responds to different
signature phenomena, increasing the probability of correct classification [24]. Then, the exploration of
data was performed with PCA (Figure 3), using the merged data matrix as input.
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“RF-heated” samples overlap each other, and are positioned near the “raw” and “pasteurized
milk” clouds, indicating that the different temperatures had the same weak effect on the milk’s flavor,
which is comparable among the three types of milk. On the other hand, UHT milk is far from the
others, because of the thermal treatment leading to the formation of undesired volatile compounds
from raw milk components, to the production of off-odors, and to the denaturation of serum proteins,
which releases sulfhydryl groups [51]. The colors exhibited from the different samples were used as
variables to perform a second PCA (Figure 4).Electronics 2018, 7, x FOR PEER REVIEW  8 of 12 

 

 
Figure 4. PCA for computer vision. Each different point within the plot refers to different treatment 
replicates. 

RF-heated milk is close to the “raw” samples, indicating a strong resemblance between the 
appearances of these two groups. On the other hand, pasteurized and UHT milks are far away, at the 
opposite sides of the scatter plot. Pasteurized milk is on the left, because of the high correlation with 
the colors (Figure 5). 

 
Figure 5. PCA for computer vision with loadings plot. 

These colors are associated with the pasteurization process, which also requires a 
homogenization step that reduces the dimensions of fat globules and casein micelles, and that often 
results in a whitening effect [52]. On the other hand, UHT milk samples are on the right side of the 
plot, due to the presence of “burnt” colors, which suggests the beginning of the Maillard reaction, 
leading to brown-pigmented products, such as pyrazines and melanoidins [53]. Nevertheless, 
RF-heated samples did not show significant color changes. 

3.4. Shelf Life Evaluation 

The measurements of pH, acidity, and TMC have been repeated during a storage period of 55 
days in order to obtain detailed information regarding the shelf life of milk which was kept at 4 °C 
during the duration of the trial. Data acquired at 85, 90, and 95 °C have been used to obtain the 
following graphs (Figures 6–8), which show the variation of the investigated parameters over time. 

PC1 -58.81% 

PC
1 

-2
2.

46
%

 

Figure 4. PCA for computer vision. Each different point within the plot refers to different
treatment replicates.

RF-heated milk is close to the “raw” samples, indicating a strong resemblance between the
appearances of these two groups. On the other hand, pasteurized and UHT milks are far away, at the
opposite sides of the scatter plot. Pasteurized milk is on the left, because of the high correlation with
the colors (Figure 5).
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Figure 5. PCA for computer vision with loadings plot.

These colors are associated with the pasteurization process, which also requires a homogenization
step that reduces the dimensions of fat globules and casein micelles, and that often results in a whitening
effect [52]. On the other hand, UHT milk samples are on the right side of the plot, due to the presence
of “burnt” colors, which suggests the beginning of the Maillard reaction, leading to brown-pigmented
products, such as pyrazines and melanoidins [53]. Nevertheless, RF-heated samples did not show
significant color changes.

3.4. Shelf Life Evaluation

The measurements of pH, acidity, and TMC have been repeated during a storage period of 55 days
in order to obtain detailed information regarding the shelf life of milk which was kept at 4 ◦C during
the duration of the trial. Data acquired at 85, 90, and 95 ◦C have been used to obtain the following
graphs (Figures 6–8), which show the variation of the investigated parameters over time.Electronics 2018, 7, x FOR PEER REVIEW  9 of 12 
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Figure 6. Measurements of pH during a storage period of 55 days at 4 ◦C.

Milk undergoes natural degradation; however, normal values for pH, acidity, and TMC have
been observed until day 45. In general, commercial ESL milk on the market, which is subjected to
heat treatments with temperatures higher than 120 ◦C, has a shorter shelf life, i.e., approximately
20–25 days. In order to explain the persistent microbial activity that emerged from the trends for
pH and acidity, the spectrum of microbiological investigation should be broadened, considering also
extremophile organisms [54].
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4. Conclusions

In conclusion, the impact of continuous RF heating on the physicochemical, microbiological, and
organoleptic properties of raw milk has been evaluated. Different temperatures lead to homogenous
physicochemical and microbiological results, which conform to those expected for a good quality
bovine milk, and respect the normative requirements in terms of hygiene. The assessment of flavor
and appearance, which has been performed with an innovative combination of electronic senses and
data fusion, revealed that the milk’s sensorial properties had been retained or minimally modified.
Therefore, RF heating appears to be a suitable technique for the production of safe milk with a
prolonged shelf life, i.e., of up to 40–45 days in the cold chain distribution, and without significant
alterations of the organoleptic and nutritional attributes. Further studies could lead to a true industrial
scale-up for the production of ESL milk.
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