
Nonthermal Technologies for Fruit and Vegetable
Juices and Beverages: Overview and Advances
Antonio Bevilacqua , Leonardo Petruzzi, Marianne Perricone, Barbara Speranza, Daniela Campaniello, Milena Sinigaglia,
and Maria Rosaria Corbo

Abstract: In recent years, there has been a growing interest in the design of novel nonthermal processing systems that
minimally modify sensory, nutritional, and functional properties of fruit and vegetable juices and beverages. The benefits
of nonthermal treatments are strongly dependent on the food matrix. Thus, an understanding of the effects that these
technologies exert on the properties of juices and beverages is important to design and optimize technological parameters
to produce value-added products. This review covers research on nonthermal electrical treatments, high pressure pro-
cessing, ultrasound, radiation processing, inert gas treatments, cold plasma, and membrane processing. Advances towards
optimization of processing conditions, and combined technologies approaches have been also extensively reviewed. This
information could be useful to: (1) manage processing systems and optimize resources; (2) preserve nutritional value and
organoleptic properties, and (3) provide processing conditions for validation of these technologies at the industrial scale.
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Introduction
A diet rich in fruits and vegetables can have a positive

impact on health and wellbeing of humans (Gironés-Vilaplana
and others 2016), due to some bioactive compounds (toco-
pherols, carotenoids, polyphenols, phenolics, and anthocyanins)
(Kongkachuichai and others 2015), vitamins, minerals, and fibers
(Liu 2013).

For a 2000-kcal diet, the 2010 Dietary Guidelines for Americans
recommend 9 servings of fruits and vegetables per day, 4 servings
of fruits and 5 servings of vegetables (Liu 2013). The European
Union supports the WHO recommendation for at least 400 g/d
of fresh fruits and vegetables (Tennant and others 2014).

Despite these guidelines, consumption of vegetables and fruit
remains below the recommended levels in many countries and a
substantial burden of disease globally is attributable to low con-
sumption (Mytton and others 2014). In Europe, consumption is
at 220 g per person per day for adults. In the United Sates, only
6% to 8% of individuals achieve their recommended daily target,
with the average American consuming only 1.8 cups of fruits and
vegetables per day (Rekhy and McConchie 2014).

The strategies to increase fruit and vegetable consumption are a
key focus for population health (Mytton and others 2014). There-
fore, promoting fruit and vegetable consumption is a key objective
of food and nutrition policy interventions conducted around the
world by government and nongovernment stakeholders (Rekhy
and McConchie 2014). Fruit and vegetable juices, juice blends,
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smoothies, fermented and enriched beverages are an increasingly
popular way of consuming fruit and fresh-like vegetables and may
contribute to a healthy diet and healthy life (Wootton-Beard and
Ryan 2011; Corbo and others 2014; Marsh and others 2014;
Ramachandran and Nagarajan 2014; Hurtado and others 2015).

Vegetable and fruit juices are traditionally preserved by ther-
mal processing. However, recent consumer demands for safe and
minimally processed foods with high-quality attributes have en-
couraged food industry and scientific researchers to design alter-
native nonthermal technologies to produce foods with a mini-
mum of changes induced by the technologies themselves (Bhat
and Stamminger 2015a; Jiménez-Sánchez and others 2017a). Al-
though nonthermal treatment seems less detrimental than the ther-
mal ones, the effects are strongly dependent on the food matrix
(Alves Filho and others 2016). Therefore, the main motivation
for food processors is to select the most appropriate nonthermal
technology along with validated processing conditions to retain
nutritive constituents and color and flavor attributes (Koutchma
and others 2016).

Some articles addressed fruit juice processing (Echavarrı́a and
others 2011; Chen and others 2012; Evrendilek and others 2012;
Abdullah and Chin 2014; Aneja and others 2014; Zinoviadou
and others 2015; Koutchma and others 2016; Shah and others,
2016; Anaya-Esparza and others 2017; Jiménez-Sánchez and oth-
ers 2017a,b), but to the best of our knowledge no report gives a
comprehensive picture of all available nonthermal technologies, as
well as on the approaches to improve their effectiveness in different
kind of products including fruit and vegetable juices, juice blends,
smoothies, enriched and fermented beverages. This review covers
researches on this topic in the last 5 to 10 y, with a particular em-
phasis on products derived from different botanical sources. The
technologies presented include nonthermal electrical treatments,
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Table 1–How alternative approaches work in juices and beverages: an overview.

Kind of approach How it works

Electrical The antimicrobial activity relies upon the use of two electrodes which generate pulsed electric fields, high voltage currents or
radio-frequencies.

Pressure Products are placed into a high-pressure vessel in their flexible packages and submitted to high pressure by water (high hydrostatic
pressure). For homogenization, juices and beverages are forced to pass through a small valve and divided into nanobubbles
(micronization; high pressure homogenization).

Ultrasound Products are treated through sonic waves generated by probes or in a bath. The antimicrobial activity is the result of cavitation.
Radiation Products are treated by radiation at different wavelengths (UV, γ -radiation, electron beams). The process can be either continuous

or discontinuous (pulsed light).
A particular application is the use of nanoparticles of titanium dioxide, which produce strong oxidizing agents when irradiated by UV.

Gas Some applications are alternative ways to high hydrostatic pressure, as the increase of pressure is generated by a gas (nitrogen or
helium in pressure change technology [PCT] or supercritical CO2 in dense phase carbon dioxide [DPCD]).

Ozonation relies on the use of O3 as an antimicrobial agent; it is spread into the media through a sparger.
Cold plasma Cold plasma is generated by using electricity and a carrier gas. The result is electrical discharges and subsequent ionization of

atmospheric air.
Membrane Sterilization relies on the physical separation of microorganisms through membranes (micro- or nanofiltration); the treatments differ

for the pores of the membranes. In this class, we can also find reverse- and forward osmosis; the main aim of this technology is juice
concentration, but a secondary goal is the antimicrobial effect.

high pressure processing, ultrasound, radiation processing, inert
gas treatments, cold plasma, and membrane processing. Table 1
shows how each approach works in juices and beverages.

Nonthermal/Electrical Processing
Pulsed electric fields

Pulsed eletric fields (PEFs) is a technology that has been exten-
sively investigated for its applications in food processing (Rawson
and others 2011a). During the last years, transition from lab- and
pilot-scale equipment to industrial-scale equipment took place,
and the first PEF processed fruit juices and smoothies are on the
market in different countries (The Netherlands, Germany, the
United Kingdom, and Austria) (Buckow and others 2013; Tim-
mermans and others 2016). For example, the first commercial ap-
plication of PEF started in 2009 (Toepfl 2012) and Timmermans
and others (2016) reported the presence of PEF-treated juices on
the shelves of The Netherlands, United Kingdom, and Germany.
An industrial application of PEF was reported for the treatment of
wastewater in the United States by Li and Farid (2016).

PEF is a valid technology for the production of safe bever-
age products with high added value (Rawson and others 2011a).
The application of PEF pulses leads to the permeabilization of
biological membranes. The plasma membranes of cells become
permeable to small molecules after being exposed to an electric
field; the permeation induces swelling and the eventual rupture
of the cell membrane, reducing or eliminating the microbial load
(Jiménez-Sánchez and others 2017a). Table 2 provides a com-
prehensive summary of the outcomes of recent studies on this
technology.

Bansal and others (2015) reported a 5.1 log reduction of Zygosac-
charomyces bailii (MTCC 257) in amla juice, as well as a 63% and
88.9% retention of ascorbic acid and antioxidant capacity. Kathi-
ravan and others (2014) reduced the native microflora in coconut
water-nannari blended beverage by 3 log CFU/mL; in addition,
the shelf life of PEF-treated samples was 120 d at 27 to 30 °C.
Mosqueda-Melgar and others (2012) reported the complete in-
activation of naturally occurring microorganisms of pear juice,
without changes in the sensory attributes. PEF was also tested in
juice blends (Morales-de la Peña and others 2010; Salvia-Trujillo
and others 2011) and in grape wines (González-Arenzana and
others 2015).

In comparison to traditional pasteurization, PEF was found
to keep the content and structures of sensitive bioactive com-
pounds, like ascorbic acid betacyanins in twistspine pricklypear

juice (Moussa-Ayoub and others 2011), ascorbic acid and flavor
compounds in longan juice (Zhang and others 2010), carotenoids
in orange juice (Plaza and others 2011), ascorbic acid in a juice-
blend mixed with soymilk (Rodrı́guez-Roque and others 2014).
In addition, PEF exerted a positive effect on 15-cis-lycopene in
tomato juice (Vallverdú-Queralt and others 2013).

The use of PEF for enzymes inactivation has been proposed
by many authors. Quintão and others (2013) reported up to
93% of the initial peroxidase activity (POD) in carrot juice. In
a juice-blend mixed with whole or skim milk, PEF reduced by
26.92% and 20.93% polygalacturonase (PG; Salvia-Trujillo and
others 2011). In a juice-blend mixed with soymilk, POD and ly-
poxigenase (LOX) were inactivated by PEF by 17.5% to 29% and
34% to 39%, respectively (Morales-de la Peña and others 2010).

Some negative effects were also reported, like the decrease of
ascorbic acid content in apple juice (Bi and others 2013), or a
marginal inactivation of pectin methyl esterase (PME; 14% in-
activation) in a carrot/orange juice blend (Caminiti and others
2012).

Although the application of PEF at relatively lower temperatures
to inactivate foodborne and food spoilage bacteria, and enzymes
has been well described in the literature, a better understanding and
accurate prediction of inactivation levels are necessary to achieve
enzymatically stable products without overprocessing (Ağçam and
others 2014). However, more studies are required to understand
PEF resistance of Gram-positive and Gram-negative bacteria in
relation to the thickness of cell membrane and cell wall (Huang
and others 2014).

Radio frequency electric fields
Radio frequency electric fields (RFEF), also known as electric

currents that oscillate at radio frequencies in the range of about
3 Hz to 300 GHz, was proposed as a nonthermal pasteurization
method for the inactivation of bacteria in juices. RFEF process
is similar to PEF with a single difference: in PEF the high volt-
age is applied in pulses using a pulse generator, whereas in RFEF
processing, the voltage is applied continuously using an alternat-
ing current generator (Jiménez-Sánchez and others 2017a). The
knowledge of the mode of action of RFEF is limited (Ukuku and
others 2012); however, some authors suggested that the inacti-
vation of bacteria is the result of the disruption of the bacterial
surface structure, leading leakage of intracellular biological ac-
tive compounds (Jiménez-Sánchez and others 2017a). Ukuku and
Geveke (2010) reported that RFEF reduced Escherichia coli K-12
in apple juice from 8 log CFU/mL to 4.9 log CFU/mL; the
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surviving population was below the detection limit after 24 h-
storage at 5 and 23 °C.

High-voltage electrical discharges
High-voltage electrical discarges (HVEDs) create electric arcs

by the application of electric fields between two points or flat elec-
trodes. The intensity of the electric fields is higher than that used
in PEF and causes the fragmentation of solid particles. The energy
is converted into mechanical (shock wave), chemical energy (ac-
tive species in the arc channel), or light. As a result, there is less
energy converted into heat (Delsart and others 2015). Delsart and
others (2015) studied the effect of HVED on some quality param-
eters and the inactivation of Oenococcus oeni, Pediococcus parvulus,
and Brettanomyces bruxellensis in red wine. Recently, Buniowska
and others (2016) explored the possibily of using HVED as a tool
to preserve the content of steviol glycosides (stevioside, rebaudio-
side A, rebaoudioside F rebaoudioside C) in a mango/papaya juice
blend sweetened with Stevia rebaudiana.

High-Pressure Processing
High-pressure treatments include hydrodynamic treatment

(high-pressure homogenization, HPH) and hydrostatic treatments
(high hydrostatic pressure, HHP). HPH (70 to 200 MPa) applies
pressures in continuous to fluid products (Suárez-Jacobo and oth-
ers 2014), whereas HHP is applied in batch systems to both solid
and fluid products already packaged, using a pressure between
150 to 900 MPa (Betoret and others 2015). Recently, Ultra-high-
pressure homogenization (UHPH; 200 to 400 MPa; Suárez-Jacobo
and others 2014) and pulsed-high hydrostatic pressure (p-HHP;
combination of pressure, temperature, and pulses) have also been
applied to preserve fruit and vegetable juices. A summary of the
most recent studies is in Table 3.

High hydrostatic pressure
Probably the most developed and most widely implanted tech-

nology at the industrial level is HHP (Bello and others 2014).
This technology exerts limited effects on small molecules such
as volatile compounds, pigments, vitamins, and antioxidant com-
pounds, owing to its limited impacts on the covalent bonds and
its low processing temperature (Chen and others 2015a).

HHP has proved to be an effective technology to prolong the
shelf life of many juices, including apple (Juarez-Enriquez and oth-
ers 2015), orange (Wang and others 2012a), asparagus (Chen and
others 2015c), pomegranate (Chen and others 2013), strawberry
(Cao and others 2012), and mango (Hiremath and Ramaswamy
2012). The response of microorganisms to high pressures varies
according to the following factors: molds and yeasts are the most
sensitive microorganisms; Gram-negative bacteria have medium
sensitivity, whereas Gram-positive bacteria are the most resistant
and their spores require very high pressures to be inactivated (Bello
and others 2014).

Overall, the inactivation of spoilage enzymes in juices often
leads to difficulties as the sensitivities of enzymes are unpredictable
and rely on the kind of product (Chakraborty and others 2014).
In addition, there are some evidences on a possible enhancement
of enzyme activity (Chakraborty and others 2014), as reported by
Gao and others (2015) for POD in pummelo juice, and Huang and
others (2013) for polyphenol oxidase (PPO) and POD in apricot
nectar. However, under proper conditions, HHP treatment can
result in the inactivation of enzymes, as recently confirmed by
Juarez-Enriquez and others (2015) for PME in apple juice, and

Rao and others (2014) for PPO and PME in peach juice, respec-
tively. Under the high-pressure environment, the mechanism of
enzyme inactivation can be hypothesized similar to protein de-
naturation. The application of pressure might induce reversible
or irreversible and partial or complete unfolding of the native
structure of the enzyme (Chakraborty and others 2014).

HHP treatments ensure high-quality levels in terms of nutri-
ent and vitamin preservation. For example, pressurization applied
on asparagus juice resulted in a significantly higher retention of
ascorbic acid, rutin, total phenolics contents, and total antioxi-
dant activity than thermal treatment (Chen and others 2015c).
Rodrı́guez-Roque and others (2014) found that the bioaccessi-
bility of ascorbic acid was not modified by HHP treatment using
a juice-blend mixed with milk or soymilk. HHP preserved fruc-
tooligosaccharides (FOS) in cranberry juice (Gomes and others
2017). Recently, Hao and others (2016) highlighted the possible
application of HHP process as a valuable tool to reduce the con-
tent of patulin, a mycotoxin of concern in beverages, in different
juice blends.

Some negative effects were also reported, like the decrease of
total phenolics, total anthocyanins, tartaric esters, flavonols and
tannins in wine (Tao and others 2012), ascorbic acid, anthocyanins,
total phenols and antioxidant in a strawberry juice (Cao and others
2012), as well as ester compounds in a strawberry nectar (Xu and
Liao 2011).

At this stage of development of HHP technology, the eval-
uation of the influence of process variables on the stability of
bioactive compounds as well as on the antioxidant capacity and
physicochemical parameters of products is a key factor in defining
treatment conditions to avoid the loss of these important prop-
erties of foods and to obtain a food beverage with high benefits
for the health of the consumer (Barba and others 2013). How-
ever, it would be interesting to determine how this technology
can modulate the bioavailability of minerals. Applying emerging
technologies (that is, high-pressure techniques) as an alternative
to traditional heat processing would be more valuable if nutri-
tional quality is considered not only as a stability issue but also as
a bioavailability concern, because the bioavailability of nutrients
can be increased by HHP (Cilla and others 2011). Finally, to fulfil
the economic feasibility of the HHP process, a pressure within
300 MPa should be applied to reduce capital equipment cost, pro-
cessing time to 5 min without affecting the inactivation of both
pathogenic and spoilage microbiota (Scolari and others 2015).

Pulsed-high hydrostatic pressure
Most of HHP studies report impact of static pressurization and

few works focus on different modes of pressurization, which might
be due to the fact that pulsed pressure treatments are not consid-
ered feasible for application due to the high stress on the pressure
vessels (Kaushik and others 2016). In addition, Kaushik and others
(2016) stated that pulsation might enhance the activity of brown-
ing enzymes like PPO and POD.

High-pressure homogenization
Over the last years, the effect of HPH (pressures in the range 20–

150 MPa) on microbiological quality of fruit and vegetable juices
has been widely investigated in a number of studies (Patrignani
and others 2010; Carreño and others 2011; Belloch and others
2012; Bevilacqua and others 2012a). Because of the effect on food
constituents (proteins, fat, and polysaccharides) with consequent
modification of their functional properties and susceptibility to
enzymatic attack, HPH has been also proposed to modify food
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sensorial properties in terms of microstructure, rheological, and
aroma profiles (Patrignani and others 2010) in different juices,
such as tomato (Kubo and others 2013), orange (Leite and others
2014), and cashew apple juices (Leite and others 2015).

Overall, it is not easy to predict the effect of HPH technology
on the properties of fruit products. Leite and others (2015) re-
ported that each vegetable cell wall had a different behavior when
processed by HPH. While carrot tissue requires higher shears to be
disrupted, tomato cells could be broken at moderate values. This
suggests that the effect of HPH processing is different for each veg-
etables product, and highlights the need for a better understanding
of this process. In this respect, proton nuclear magnetic resonance
(1H NMR) spectroscopy has recently been proposed as a nonde-
structive and highly reproducible technology to better study the
effects of HPH in juice processing (Betoret and others 2017).

Ultra-high-pressure homogenization
The effectiveness of UHPH (pressue up to 300 MPa) in fruit

juices related to the inactivation of spoilage microorganisms and
preservation of quality attributes is well documented (Maresca and
others 2011; McKay and others 2011; Tribst and others 2011;
Calligaris and others 2012; Yu and others 2014). This technology
can improve the bioaccessibility of carotenoids, lycopene, calcium,
and phosphorous by reducing the particle size distribution and
inducing a high degree of cell-wall rupture (He and others 2016).

UHPH has been widely studied in milk and dairy products, but
there are few references on its application in vegetable beverages
(Codina-Torrella and others 2017).

Ultrasound Processing
Sonication

Sonication (ultrasound, US) might be used as an alternative
processing option to conventional thermal approaches for pas-
teurization and sterilization of food products. The propagation
of ultrasound in a liquid induces bubble cavitation due to pres-
sure changes. These resulting micro-bubbles collapse, and induce
a local increase of temperature and pressure. Thus, the intense
local energy and high pressure bring about a localized pasteuriza-
tion effect without causing a significant rise in macro-temperature
(Jiménez-Sánchez and others 2017a).

Based on frequency range, the applications of ultrasound in food
processing, analysis, and quality control can be divided into low
and high energy. Low-energy (low-power, low-intensity) ultra-
sound has frequencies higher than 100 kHz at intensities below
1 W/cm2. High-energy (high power, high-intensity) ultrasound
uses intensities higher than 1 W/cm2 at frequencies between 20
and 500 kHz (Shaheer and others 2014). An overview of the recent
studies on this technology is reported in Table 4.

Sonication has been widely investigated as a mean to preserve
fruit juices (Adekunte and others 2010; Gómez-López and
others 2010; Cui and others 2012; Alighourchi and others 2014;
Bevilacqua and others 2014; Mohideen and others 2015). Overall,
the antimicrobial effects of US processing might be attributed to
intracellular acoustic cavitations which cause an increase in the
permeability of membranes therefore losing selectivity, thinning of
cell membranes, localized heating, and production of free radicals
(Farhadi Chitgar and others 2017). The lethal effect of US is
reported to be dependent on the type of microorganism. Gener-
ally, cavitation is more effective on gram-positive bacteria, spores,
spherical-shaped, and small round cells (Abdullah and Chin 2014).

However, various research groups have studied how sonication
might affect physicochemical and nutritional parameters of prod-

ucts. Generally, low-power sonication tends to increase the level of
bioactive compounds in sonicated food materials due to enhanced
extraction of bound pigments as a result of cell wall disruption
(Bhat and others 2011b), as reported for kasturi lime (Bhat and
others 2011b), black mulberry (Jiang and others 2015), grapefruit
(Aadil and others 2015b), and other juices (Khandpur and Gogate
2015). Interestingly, Costa and others (2013) evaluated the use of
sonicated pineapple juice as a substrate to produce a probiotic bev-
erage containing Lactobacillus casei. As a result, sonicated juice was
shown to be a suitable substrate for probiotic microorganism cul-
tivation and to design an alternative nondairy probiotic beverage.

A possible drawback of this approach is the degradation of some
components at high power levels. For example, in watermelon
juice, ascorbic acid, lycopene, and phenolic contents decreased
significantly at higher amplitude levels and at the maximum pro-
cessing time (Rawson and others 2011b). In jamun juice, antho-
cyanin degradation increased with increasing amplitude and time
of exposure (Shaheer and others 2014). In a calcium-added or-
ange juice, the ascorbic acid content decreased with sonication in
a time-dependent manner (Gómez-López and others 2010).

Manosonication
The combination of high pressure with sonication could in-

crease the effect of ultrasound (manosonication, MS; Jiménez-
Sánchez and others 2017a). This can be assigned to different rea-
sons, such as an increase in free radical production and higher
bubble implosion (Sango and others 2014). The studies car-
ried out by Guzel and others (2014) and Engmann and oth-
ers (2014a) confirmed the suitability of MS for reducing spoil-
ers and potential pathogens in apple, orange, and black mulberry
juices.

However, it is important to determine the critical pressure level
for achieving the maximum synergetic effect. Above this pres-
sure, there is a decrease in the effectiveness, associated with a
decrease of cavitation phenomena, because ultrasound waves are
unable to overcome the combined cohesive forces of overpres-
sure and the cohesive force of the liquid molecules (Sango and
others 2014).

Osmosonication
Combination of US and high osmotic pressure has been named

osmosonication (OS). Generally, this technology might be used
in products where heat treatment can damage nutritional com-
pounds such as vitamins (Sango and others 2014). OS has been
reported as suitable strategy to produce orange and tropical high-
land blackberry juices with improved safety attributes (Wong and
others 2010a,b).

Radiation Processing
Ultraviolet light

Among the nonthermal technologies developed in the last few
decades, ultraviolet (UV) light processing is one of the most
promising because it is easy to use and lethal to most microor-
ganisms, and it is a dry cold process that can be effective at low
cost in comparison with other preservation methods (Gayán and
others 2012).

The wavelength range for UV light for food processing varies
from 100 to 400 nm and is categorized as UV-A (320–400 nm),
UV-B (280–320), and UV-C (200–280 nm). UV-C radiation is
considered the germicidal region lethal to most types of microor-
ganisms (Gayán and others 2012). Because the United States Food
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and Drug Administration (USFDA) has approved the use of UV-
C light for fruit juices pasteurization, this technology has been
largely applied to liquid foods and beverages (Tremarin and others
2017). Table 5 shows an overview of the effects of UV radiation
on fruit and vegetable juices and beverages.

There are some data on the microbial inactivation, including
pathogens (Pala and Toklucu 2011; Gabriel and others 2015),
fungi (Flores-Cervantes and others 2013), and spoilage microor-
ganisms (Fredericks and others 2011; Ochoa-Velasco and Guerrero
Beltrán 2013); however, mathematical modelling of inactivation
kinetics due to radiation effect is limited and requires investigation
(Tremarin and others 2017).

Recently, several studies reported on minimal changes in nu-
tritional and quality attributes of UV-treated products. Kwon and
others (2010) found that UV treatment on kale juice prolonged
the shelf life without any problems in flavor and color. Signif-
icant improvement in antioxidant activities and extractability of
carotenoids, phenolic compounds, and flavonoids, were found in
mango juice by Santhirasegaram and others (2015a). UV-C signif-
icantly increased the shelf life of tigernut beverage (Corrales and
others 2012).

However, in some sensitive products such as guava and passion
fruit nectars, sensory changes might be a drawback (Guevara and
others 2012). Other negative effects could be the decrease of phe-
nolic compounds, betalains, and antioxidant activity in pitaya juice
(Ochoa-Velasco and Guerrero Beltrán 2013), or in the decrease of
viscosity and the color change of grape juice (Müller and others
2014). A challenge is the formation of furans in apple juice or in
juice-simulating media (Bule and others 2010; Müller and others
2013). The effects of this compound have not been addressed, al-
though Müller and others (2013) reported that UV-treated juices
did not increase their genotoxic effects towards Caco-2 cells. An-
other possible limit of UV treatment could be the high residual
activity of enzymes (ca. 95%; Müller and others 2013).

Titanium dioxide-ultraviolet photocatalysis
Titanium dioxide-ultraviolet photocatalysis (TUVP) can in-

activate pathogens under aqueous conditions by the generation
of strong oxidizing agents using UV light (Shahbaz and oth-
ers 2016). These agents include hydrogen peroxide and hy-
droxyl/hydroperoxyl radicals that are reactive toward biological
macromolecules and, subsequently, lead to cell death (Chai and
others 2014).

The effect of this technology on inactivation of microorganisms
in commercial apple juice and ashitaba juice have been investi-
gated by Shahbaz and others (2016) and Chai and others (2014),
respectively. However, more studies are required to determine
inactivation effects on a broad range of pathogenic and spoilage-
causing microorganisms in various kinds of food matrix besides
studying different quality attributes of end product (Shahbaz and
others 2016).

Gamma (γ ) irradiation
Irradiation of food products has been used in 56 countries and

their safety has been approved by the World Health Organization
(WHO), the Center for Disease Control and Prevention (CDC),
the United State Dept. of Agriculture (USDA), and Food and
Drug Administration (FDA; Alighourchi and others 2014).

Traditionally, γ -irradiation (GI) is known to be effective in
reducing microorganisms in foods (Eissa and others 2014). Mi-
croorganisms are inactivated by GI primarily due to DNA damage.
Several factors such as the composition of the medium, moisture

content, presence or absence of oxygen, could affect the resistance
to radiation, particularly in the case of vegetative cells (Jiménez-
Sánchez and others 2017a). The impact of GI on microbiological
and quality aspects of some fruit and vegetable juices and beverage
products is listed in Table 5.

Alighourchi and others (2014) reported that GI at 1 kGy re-
duced E. coli in pomegranate juice by 6.66 log CFU/mL, whereas
at 3 kGy it reduced Saccharomyces cerevisiae by 5.08 log CFU/mL.
In ashitaba and kale juices, irradiation at 5 kGy induced a 2 log re-
duction of the naturally occurring microbiota, and this effect was
maintained during the storage for 7 d under refrigerated conditions
(Jo and others 2012). GI was also tested in sour cherry (Arjeh and
others 2015), mango (Naresh and others 2015), and carrot juices
(Jo and Lee 2012), as well as in mango wine (Kondapalli and others
2014).

Recently this technique has received considerable attention for
maintaining quality attributes of processed beverages (Arjeh and
others 2015). According to Swada and others (2016a), GI resulted
in a great increase in antioxidant capacity, with moderate effects on
carotenoid concentration in strawberry nectar (Swada and others
2016a). Other positive effects are reported for carrot (Jo and Lee
2012), and watermelon (Eissa and others 2014) juices, coconut
water (Awua and others 2011), and mango wine (Kondapalli and
others 2014).

However, GI might result in some drawbacks, like the reduc-
tion of viscosity in yam juice (Song and others 2010), or in a
decrease of ascorbic acid in papaya nectar (Parker and others 2010)
and papaya/strawberry nectar blend (Swada and others 2016b). A
challenge of irradiation, as reported some years ago by Fan (2005),
was the production of a furan derivative from sugars, or ascorbic
acid. This issue was later confirmed by Nuncio-Jáuregui and oth-
ers (2015). Furan derivatives were also found in thermally treated
juices (Fan 2005).

Pulsed light
Pulsed light (PL) has been intensely investigated as an alter-

native to thermal treatments for killing pathogenic and spoilage
microorganisms (Maftei and others 2015). This technology uses
short time pulses (100 to 400 ms) of an intense broad spectrum
between 100 and 1100 nm with 54% of emitted energy in the UV
range (Ferrario and others 2015).

PL application in fruit juices is very promising as reported in
Table 5. Palgan and others (2011) reported about 3 to 4 log reduc-
tion of E. coli K12 and Pichia fermentans in apple/cranberry juice
blend. Hwang and others (2015) found 1.9 and 7 log reduction
of Pseudomonas aeruginosa in grape and plum juices, respectively.
In commercial apple juice, Ferrario and others (2015) achieved
up to 3.0 and 4.4 log reductions for Alicyclobacillus acidoterrestris
spores and S. cerevisiae cells, respectively. Exposure to PL causes
the formation of pyrimidine dimers which impairs the process
of cell replication (photochemical mechanism). Moreover, mem-
brane disruption was also reported as a result of a momentous
overheating. This phenomenon is attributed to a difference in UV
light absorption between the microorganism and its surrounding
environment (photothermal effect). Besides, structural damage in
microbial cells like cytoplasmic membrane shrinkage was also re-
ported (photophysical effect). It is possible for these mechanisms
to coexist; the relative importance of each one would depend on
the fluence and target microorganism (Ferrario and others 2015).

However, the lethal effect of PL processing depends on the type
of microorganism and the absorption properties of the liquid food
(Pataro and others 2011). For example, in strawberry juice PL
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treatment lacked of effectiveness as less than 1 log-reduction was
achieved for all microorganisms studied (E. coli, Listeria innocua,
Salmonella Enteritidis, and S. cerevisiae) (Ferrario and others 2013).
Similarly, in natural squeezed juice, only 1.5 and 2 log reduction
were obtained for Al. acidoterrestris spores and S. cerevisiae cells,
respectively (Ferrario and others 2015).

One of the potential drawbacks of PL application is that there
is not a great deal of information on the occurrence of sublethal
damage to bacterial cells following exposure to PL as well as the
influence of treatment conditions on the extent of damage (Pataro
and others 2011). In addition, another potential drawback is the
generation of heat during prolonged treatments, a detrimental fact
to the quality and nutritive value of the food that must be balanced
by the implementation of a cooling system (Ferrario and others
2014).

Electron beam irradiation
Electron beam irradiation (EBI) is a novel food decontami-

nation technology that uses low-dose ionizing radiation in the
treatment of seeds or food, to eliminate microbial contamination.
Additionally, EBI inhibits the germination of crops and controls
the ripening rate of vegetables and fruits, extending the shelf life
of these products (Lung and others 2015). Hong and others (2014)
evaluated the possibility of using this technology in fruit juice pro-
cessing. These authors found that a 0.7 kGy irradiation reduced
the level of exponential- and stationary-phase cells of E. coli by
�4.32 and 3.74 log CFU/mL in apple juice, respectively, whereas
starved cells were reduced by only 2.20 log CFU/mL (Hong and
others 2014).

Some topics to be addressed include the effect of EBI on enzyme
activities, the combination of different technologies to improve
the shelf life of food, the standardization of the appropriate dose,
the sensory quality of the food, and the effect of EBI on the
composition of food (Lung and others 2015).

Inert-Gas Processing
Dense phase carbon dioxide

Dense phase carbon dioxide (DPCD) processing, a collective
term for liquid carbon dioxide (LCD) and supercritical carbon
dioxide (SCCD–CO2 above the critical point of 31.1 °C and 7.38
MPa) or high-pressure carbon dioxide (HPCD), is an emerging,
non- or mild-thermal preservation method, alternative to high-
pressure processing or traditional heating of fruit juices. HPCD
near-critical CD and SCCD can be used at temperatures and
pressures, which are relatively safe for heat-labile compounds, as
well as sufficient for the inactivation of microorganisms and tissue
enzymes (Marszałek and others 2015a). The CO2 used in this pro-
cess is relatively inert, inexpensive, nontoxic, nonflammable, recy-
clable, and readily available in high purity, and leaves no residues
when removed after the treatment process. Furthermore, it is con-
sidered a generally recognized as safe (GRAS) substance, meaning
it can be used safely on food products (Cappelletti and others
2015). Table 6 summarizes the different studies on DPCD-assisted
treatment applied to fruit and vegetable juices and beverages.

Yuk and Geveke (2011) reported up to 5 log reduction of Lb.
plantarum in apple cider. In coconut water, Cappelletti and others
(2015) found up to 5 log reduction of mesophilic microorgan-
isms, lactic acid bacteria, yeasts, and molds and a 7 log reduction
of total coliforms. Guo and others (2011) evaluated the effect of
DPCD on litchi juice. These authors obtained 5 log reduction for
yeasts and molds and total aerobic microorganisms; the treatment
also preserved polyphenols and color, and increased the content

of total free amino acids. Recently, Marszałek and others (2017a)
studied the effect of different treatment conditions on tissue en-
zyme inactivation in red beetroot juice.

Microbial inactivation mechanism of DPCD is not yet fully
elucidated, although several theories have been proposed. Pataro
and others (2014) summarized the steps of the inactivation as fol-
lows: (1) solubilization of the pressurized CO2 in the external
liquid phase decreasing the extracellular pH, (2) diffusion of CO2

through the cell membrane, (3) penetration of CO2 in the mi-
crobial cell and consequent decrease of the intracellular pH, (4)
inactivation of the key enzymes and inhibition of cell metabolism
due to pH, (5) inhibitory effect of the molecular CO2 on cell
metabolism, (6) disordering of the intracellular electrolyte bal-
ance, and (7) removal of vital constituents from the cells and cell
membranes.

However, a limited number of reports have dealt with the influ-
ence of carbon dioxide on enzymes (Marszałek and others 2017b).
The mechanism of enzyme inactivation is hypothesized to be the
result of a local decrease of pH. Other researchers suggested that
carbon dioxide under pressure could cause changes in the confor-
mation of the secondary structure of the enzymes. Despite these
findings, the effect of this technology on the activity and structure
of food enzymes is being ivestigated (Marszałek and others 2017b).

Ozonation
Ozone is a powerful antimicrobial substance due to its potential

oxidizing capacity. Moreover, the decomposition of ozone to oxy-
gen and the lack of toxic residues make it a favorable environment-
friendly sanitizer. Gaseous ozone was recognized as GRAS by the
FDA for direct application on food products. Also, gaseous ozone
used in food processing is recognized as allowable by organic cer-
tification and regulatory bodies (Torlak 2014).

The reason why ozone is widely used in the food industry is
that it has many advantages over other treatments. Ozone is a
triatomic allotrope of oxygen and decomposes automatically and
rapidly to oxygen. It has a high oxidation potential of 2.07 V in
alkaline solution compared to that of chlorine (1.36 V), thus it can
be used as an effective antimicrobial agent. Also, it can destroy all
types of microorganisms at relatively low concentrations. Ozone
achieves inactivation of bacteria by having an effect on various
cellular components, like proteins, peptidoglycan, enzymes, and
nucleic acids in the cytoplasm. Oxidation of unsaturated lipids in
the cell envelope causes the leakage of inner contents and finally
results in lysis (Sung and others 2014).

With regard to the applications of ozone in the juice industry, a
broad range of studies have mainly focused on proving its suitability
for obtaining safe products (Table 6). In orange juice, ozonation
resulted in 5 log-reduction of L. monocytogenes and L. innocua (Patil
and others 2010). In peach juice, reductions ranged from at least
3.9 to 4.9 log CFU/mL depending on ozone level (10 or 18
ppm) and microorganism, and L. innocua is more sensitive than
E. coli. For S. cerevisiae, the treatment was less effective (only 1
log-reduction; Garcia Loredo and others 2015). In another study,
the shelf life of apple juice during static storage at 4, 8, 12, and
16 °C was increased when compared with unprocessed control
samples (Patil and others 2011).

Recently, Almeida and others (2015) evaluated the effect of
ozone processing on the quality of orange juice containing prebi-
otic oligosaccharides. Ozonation promoted a partial degradation
of the oligosaccharides in the prebiotic orange juice. However,
the juice maintained enough amount of oligosaccharides to be
classified as a prebiotic food; the phenolic content and antioxidant
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capacity of the treated samples are preserved as well as pH and
color.

Pressure change technology
Pressure change technology (PCT) has been recently proposed

as an innovative approach for the nonthermal inactivation of mi-
croorganisms. PCT pressurizes liquid products with an inert gas
such as nitrogen, helium, or argon at a maximum pressure of 50
MPa. During the retention time, high amounts of inert gas dis-
solve and diffuse in the medium, including intracellular microbial
liquids, until reaching saturation. Therefore, the pressurized liq-
uid is abruptly released to atmospheric pressure by a relief valve,
leading to sudden outgassing. The expanding gas disrupts any
compartmentalized structure within the liquid, including plant
and microbial cells (Aschoff and others 2016).

Aschoff and others (2016) conducted PCT treatment by pres-
surizing orange juice and nitrogen at moderately high pressures in a
tubular continuous reactor. As compared to freshly squeezed juice,
PCT treatment slightly reduced levels of carotenoids, vitamin C,
and hesperidin by 19%, 5%, and 14%, respectively. POD was com-
pletely inactivated, whereas residual pectin methylesterase (PME)
activities amounted to 26% to 27%. Total aerobic plate count was
reduced by at least 3.4 log CFU/mL.

Cold Plasma Processing
In recent years, cold plasma has emerged as an effective technol-

ogy for food decontamination (Surowsky and others 2014). Plasma
is a neutral ionized gas, characterized by active particles in perma-
nent interactions, such as photons, electrons, positive and negative
ions, atoms, free radicals, and excited or nonexcited molecules.
In particular, the electron temperature in nonthermal plasmas can
reach up to 10,000 K, whereas the entire gas temperature can be
close to the room level, hence the term ‘‘cold plasma” (Bursać
Kovačević and others 2016b).

Various studies have shown that cold plasma is capable of inacti-
vating microorganisms located on a variety of food surfaces, food
packaging materials, and process equipment under atmospheric
pressure conditions (Surowsky and others 2014). Moreover, cold
atmospheric gas phase plasma as nonthermal technology has been
investigated intensively for providing both, microbial safety, and
phenol stability in fruit juices (Table 7).

Shi and others (2011) reported the effective killing action of
a cold plasma against Staphylococcus aureus, E. coli, and Candida
albicans inoculated in orange juice. Surowsky and others (2014)
investigated cold plasma’s ability to inactivate Citrobacter freundii
in apple juice. Elez Garofulić and others (2015) optimized cold
atmospheric gas-phase plasma treatment using a response surface
methodology in order to evaluate its effect on anthocyanins and
phenolic acids in sour cherry juice; plasma treated sour cherry
juice had higher amount of phenolic compounds. Similarly, plasma
treatment exerted a positive effect on anthocyanins stability and
color change in cloudy pomegranate juice (Bursać Kovačević and
others 2016b).

Cold plasma has been also proposed to process a prebiotic juice,
although it could promot a partial degradation of oligosaccharides
(Almeida and others 2015).

Membrane Processing
Membrane technology is an alternative method that reduces

heat-associated loss of nutritional and functional quality (for ex-
ample, phytochemical properties) and has been successfully ap-
plied and introduced for commercial production of liquid foods

(Laorko and others 2013). Generally, the types of filtration most
commonly used are ultrafiltration (UF) and microfiltration (MF),
which correspond to pressure-driven processes capable of separat-
ing particles in the approximate size ranges of 1 to 100 μm and 0.1
to 10 μm, respectively. Wide ranges of pore size are being used to
in the industry, from 18.000 molecular weight cut-off (MWCO)
to 0.2 μm (Echavarrı́a and others 2011). Similarly, various ma-
terials such as polysulfones, polypropylene, polyamide, nylon, or
cellulose acetate have been employed in membrane configuration
for dead-end or cross-flow filtration (Gialleli and others 2016).
A summary of recent studies on different membrane processing
technologies is given in the Table 8.

Reverse osmosis
Reverse osmosis (RO) or hyperfiltration is a separation tech-

nique, which operates at (or slightly above or below) room tem-
perature and can be used to concentrate or purify liquids without a
phase change (Echavarrı́a and others 2011). The critical threshold
of concentration for RO is 25 to 30 °Brix with a single-stage RO
system or 45 to 65 °Brix for standard products obtained by evapo-
ration (Bélafi-Bakó and others 2012). Advances over the last years
have shown the possibility to concentrate juices, maintaining their
nutritional and sensory characteristics. Some examples include the
concentration of grape (Gurak and others 2010), pineapple (Couto
and others 2011a), and watermelon (dos Santos Gomes and others
2011) juices.

Unfortunately, the rapid reduction in permeate flux due to
fouling and/or concentration polarization hinders the commer-
cial application of RO in juice processing (Echavarrı́a and others
2011). Membrane fouling might be caused by pectin, tannins,
proteins, starch, hemicelluloses, and cellulose (Yazdanshenas and
others 2010), as well as inorganic and organic compounds, and
microbes on the external surface of the membrane and/or within
the membrane pores (Echavarrı́a and others 2011).

Forward osmosis
The only force of RO is the osmotic pressure difference between

the two solutions that flow in counter-current mode on opposite
sides of a permeable membrane. Thus, the main advantages of
forward osmosis (FO), compared to both thermal and conven-
tional membrane processing, include low hydraulic pressure, low
treatment temperature, low fouling tendency, high solids con-
tent processing capability, and easy scale-up (Sant’Anna and others
2012). This technology has been effectively applied to sweet lime
(Chanukya and Rastogi 2017) and jaboticaba juices (Sant’Anna
and others 2016), as well as beetroot and grape juices (Nayak and
others 2011).

Microfiltration
Microfiltration (MF) is one of the most important unit opera-

tion in industrial process of various juice and beverages. It has been
extensively studied as a method for clarification and microbial re-
moval, as well as to maintain high nutritional and sensory quality of
processed products (Zhao and others 2015b). Microporous mem-
branes of different materials, configurations, and MWCOs can be
used. The feeding solution is applied in parallel to the membrane
surface, and pressure is the primary driving force (Echavarrı́a and
others 2011).

In watermelon juice, the lycopene concentration and antioxi-
dant capacity were enhanced by 402.8% and 416.3%, respectively
(Gomes and others 2013). In pineapple juice, most of the phy-
tochemical properties and soluble components were retained in
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the juice after MF; in addition, no microbial growth was detected
after 6 mo of storage at 4, 27, and 37° C (Laorko and others
2013). Significant improvements in the overall quality of clarified
products have been also reported for carrot (Ennouri and others
2015), kiwifruit (Qin and others 2015), orange (Nandi and others
2012), and pomegranate (Valero and others 2014) juices.

However, MF clarification process can lead to decrease of some
physicochemical properties of red beet juice such as antioxidant
activity, betacyanins, betaxanthins, and total phenolic compounds
(Amirasgari and Mirsaeedghazi 2014).

Ultrafiltration
Ultrafiltration (UF) membrane is able to retain large particles

such as microorganism, lipids, protein, and colloids; the small par-
ticles, for example vitamins, salts, and sugars, are well preserved
in juice. Compared to traditional filtration, UF is more efficient
and requires shorter processing time, can avoid the use of fining
agents (clarification) and high temperatures (concentration; Zhao
and others 2016).

In black currant juice, UF had no significant effect on the total
soluble solid content and pH of the juices. However, it had a
significant effect on the valuable compound content; 50% and
54% of total anthocyanins and the total flavonol were found in the
permeate compared to initial juice (Pap and others 2012). In pear
juice, UF decreased total phenols and ascorbic acid by 25.74% and
37.48%, respectively; in addition, 3.05 and 3.36 log reduction of
total plate count and yeasts and molds were found, respectively
(Zhao and others 2016).

The major problem with the membrane filtration is the per-
meate flux decline during the operation that affects directly the
economy of the process (Pap and others 2012). Hence, enzymatic
treatment for depectinization is recommended, as pectin particles
present in the juice can cause the fouling of the membranes (Pap
and others 2012).

Nanofiltration
Nanofiltration (NF) is a pressure-driven membrane process for

liquid-phase separation and its properties lies between those of
nonporous RO membranes and porous UF membranes. The ap-
plication of NF for concentration of fruit or vegetable juices and
extracts is also advantageous in terms of cost, because the process is
less energy-consuming than RO (Acosta and others 2017). NF has
been used as one of the steps in the clarification and concentration
of raw juice as well as in the processing of nonsugar compounds
(Echavarrı́a and others 2011).

Vivekanand and others (2012) found that NF led a significant
increase in lightness on pear juice, as well as an improvement from
brownish tinge to clear light greenish tinge and an improvement in
overall color difference values. Arriola and others (2014) observed
an increase in the antioxidant activity of the concentrate samples
with the increase in the volume reduction factor.

The problems associated with NF include low flux rate, high
rejection of sugars, and requirement of a large membrane sur-
face area. These problems have largely contributed to its limited
application on a commercial scale (Vivekanand and others 2012).

Recently, a different system was proposed by Gialleli and others
(2016). This system involves the use of a porous cellulosic ma-
terial (tubular cellulose), containing nano/micro-pores and tubes
produced after wood sawdust delignification. The system was ef-
fective for treatment of commercial apple juice contaminated by
bacteria and yeast cells.

Membrane distillation
Membrane distillation (MD) as a separation process involves the

transport of water vapor through the pores of hydrophobic mem-
branes, where the driving force is the vapor pressure difference cre-
ated by the temperature difference across the membrane. MD can
be carried out at atmospheric pressure and temperature, thus it can
be used to concentrate solutes sensitive to high temperature (Savaş
Bahçeci and others 2015). MD has many benefits, such as high
system compactness, the simplicity of the membrane, larger pores
than of RO membranes (and typically larger than in UF mem-
branes), not affected by fouling (Dershmukh and others 2013).

Savaş Bahçeci and others (2015) evaluated the effects of MD on
tomato juice. The sensorial evaluation showed that the products
gained higher scores than thermally concentrated product; how-
ever, ascorbic acid and dehydroascorbic acid levels were signifi-
cantly decreased after processing. Dershmukh and others (2013)
found a polysaccharide retention of 68%.

Osmotic distillation
The same membrane modules used in MD can also be employed

in osmotic distillation (OD). The difference between MD and OD
is the way to generate the driving force. In OD the vapor pressure
gradient results from a concentration gradient to the permeate
side of the membrane, generated using an extracting solution on
the permeate side of the module (Savaş Bahçeci and others 2015).
The principal benefit of OD lies in its ability to concentrate solutes
to very high levels (to as much as 65 °Brix) at low pressure and
temperature, with minimal mechanical or thermal damage or loss
of the solutes (Cissé and others 2011; Kujawa and others 2015).

Kujawa and others (2015) reported no loss of polyphenol con-
tent or reduction of antioxidant activity after the dehydration of
apple and beetroot juices. Bélafi-Bakó and others (2012) found
that around 60 °Brix was achieved by the process and both the
antioxidant capacity and the total polyphenol content of black-
thorn, common whitebeam and cornelian cherry juices were al-
most completely preserved. OD process does not affect the content
of phenolic compounds and specifically of anthocyanins in cran-
berry juice (Zambra and others 2015), as well as the chemical
properties of grape juice (Cissé and others 2011).

Improving the Effectiveness of Nonthermal
Processing

Some nonthermal techniques when used individually might not
be effective and require the use of combined treatments, which is
expected to provide synergistic effects. Different approaches have
been proposed including: (1) the evaluation of intrinsic hurdles
such as pH and dissolved solids (°Brix), (2) the combination with
heat or the application of heat before or after nonthermal pro-
cesses, as well as (3) the use of combined technologies and (4) the
combination with other preservation tools such as antimicrobials
and bacteriocins. An overview of different approaches currently
used to improve effectiveness of nonthermal processing technolo-
gies is reported in Tables 9 to 14.

Evaluation of intrinsic hurdles
The evaluation of solids content is of great concern. Sokołowska

and others (2013a) evaluated the baroprotective effect of increased
solute concentration in apple juice on Al. acidoterrestris (strains
TO-29/4/02 and TO-117/02) spores during HHP processing.
During the pressurization of 71.1 °Brix concentrated juice, there
were no significant changes in their number. However, in the
juices whose soluble solids content was 35.7, 23.6, and 11.2 °Brix,
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úd
ez

-A
gu

irr
e

an
d

Ba
rb

os
a-

Cá
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Sá
nc

he
z-

Ru
bi

o
an

d
ot

he
rs

(2
01

6)

U
ltr

av
io

le
tl

ig
ht

A
pp

le
Ju

ic
e

25
4

nm
;0

to
3.

58
m

in
D

im
et

hy
ld

ic
ar

bo
na

te
(2

5
to

75
m

g/
L)

U
p

to
2.

9
lo

g-
in

ac
tiv

at
io

n
of

E.
co

li
(S

TC
C

42
01

).
Th

e
ad

di
tio

n
of

di
m

et
hy

ld
ic

ar
bo

na
te

sy
ne

rg
is

tic
al

ly
in

cr
ea

se
d

th
e

le
th

al
ity

of
U

V
ra

di
at

io
n,

m
ai

nl
y

w
he

n
th

e
co

nc
en

tr
at

io
n

w
as

hi
gh

er
th

an
25

m
g/

L.

G
ou

m
a

an
d

ot
he

rs
(2

01
5b

)

A
pp

le
Ju

ic
e

25
4

nm
;1

4.
2

m
J/

cm
2

A
nt

ifu
ng

al
pr

ot
ei

n
Yv

gO
(N

.I)
M

ic
ro

bi
al

re
du

ct
io

n
of

6.
74

an
d

0.
50

lo
g

CF
U

/
m

L
fo

rE
.c

ol
i

(A
TC

C
25

92
2)

an
d

sp
or

es
of

By
ss

oc
hl

am
ys

fu
lv

a
(H

25
),

re
sp

ec
tiv

el
y.

M
an

ns
an

d
ot

he
rs

(2
01

5)

A
pp

le
Ju

ic
e

25
4

nm
;1

4
m

J/
cm

2
A

sc
or

bi
c

ac
id

(0
to

60
0

m
g/

kg
),

po
ta

ss
iu

m
so

rb
at

e
(0

to
20

0
m

g/
kg

),
so

di
um

be
nz

oa
te

(0
to

10
00

m
g/

kg
),

or
su

lfu
rd

io
xi

de
(0

to
28

0
m

g/
kg

)

Th
e

ad
di

tio
n

of
as

co
rb

ic
ac

id
,s

or
ba

te
,a

nd
be

nz
oa

te
si

gn
ifi

ca
nt

ly
in

cr
ea

se
d

ju
ic

es
’a

bs
or

pt
io

n
co

ef
fic

ie
nt

s,
w

hi
ch

ca
us

ed
a

re
du

ct
io

n
in

th
e

ju
ic

e
flo

w
ra

te
re

qu
ire

d
to

ac
hi

ev
e

th
e

fix
ed

U
V

do
se

.I
nc

re
as

es
in

as
co

rb
ic

ac
id

co
nc

en
tr

at
io

n
de

cr
ea

se
d

in
ac

tiv
at

io
n

of
E.

co
li

A
TC

C
25

92
2.

U
sa

ga
an

d
ot

he
rs

(2
01

7)

A
pp

le
Ci

de
r

25
4

nm
;1

4.
2

m
J/

cm
2

A
nt

ifu
ng

al
pr

ot
ei

n
Yv

gO
(N

.I.
)

To
ta

li
na

ct
iv

at
io

n
of

E.
co

li
(A

TC
C

25
92

2)
(f

or
ex

am
pl

e,
7.

19
lo

g
re

du
ct

io
n)

.B
ys

so
ch

la
m

ys
fu

lv
a

(H
25

)s
po

re
sw

er
e

re
du

ce
d

on
ly

by
0.

49
lo

g
CF

U
/

m
L.

M
an

ns
an

d
ot

he
rs

(2
01

5)

Pe
ac

h
N

ec
ta

r
20

3
kJ

/
m

2
;2

54
nm

;0
to

60
m

in
;�

25
°C

Po
ta

ss
iu

m
so

rb
at

e
(2

50
to

20
00

pp
m

)a
nd

so
di

um
be

nz
oa

te
(2

50
to

10
00

pp
m

)

In
ac

tiv
at

io
n

ef
fe

ct
iv

en
es

sd
ec

re
as

ed
w

ith
in

cr
ea

si
ng

po
ta

ss
iu

m
so

rb
at

e
co

nc
en

tr
at

io
n.

Th
e

hi
gh

es
tm

ic
ro

bi
al

in
ac

tiv
at

io
n

(u
p

to
5

lo
g

cy
cl

es
)w

as
ac

hi
ev

ed
fo

rA
.fl

av
us

du
rin

g
th

e
co

m
bi

ne
d

U
V

-s
od

iu
m

be
nz

oa
te

tr
ea

tm
en

ts
,w

hi
ch

al
so

ex
hi

bi
te

d
ne

ct
ar

m
ic

ro
bi

al
st

ab
ili

ty
up

to
15

ds
at

25
°C

.

Fl
or

es
-C

er
va

nt
es

an
d

ot
he

rs
(2

01
3)

Pi
ne

ap
pl

e
Ju

ic
e

10
.7

6
m

J/
cm

2
D

im
et

hy
ld

ic
ar

bo
na

te
(2

50
pp

m
)

Po
st

ad
di

tio
n

of
di

m
et

hy
ld

ic
ar

bo
na

te
in

to
th

e
U

V
irr

ad
ia

te
d

ju
ic

e
sh

ow
ed

re
du

ct
io

ns
of

2.
61

lo
g

fo
rt

ot
al

pl
at

e
co

un
ta

nd
4.

87
lo

g
fo

ry
ea

st
sa

nd
m

ol
ds

.D
im

et
hy

ld
ic

ar
bo

na
te

di
d

no
t

ca
us

e
an

y
ne

ga
tiv

e
ef

fe
ct

(a
pa

rt
fr

om
th

e
to

ta
lp

he
no

lic
co

nt
en

t)
in

th
e

ju
ic

e.

Sh
am

su
di

n
an

d
ot

he
rs

(2
01

4)

Pi
ta

ha
ya

Ju
ic

e
25

4
nm

Ci
tr

ic
ac

id
(0

.5
%

to
2.

0%
)a

nd
di

m
et

hy
ld

ic
ar

bo
na

te
(5

to
20

μ
L/

10
0

m
L)

A
dd

iti
on

of
th

e
ci

tr
ic

ac
id

an
d

di
m

et
hy

ld
ic

ar
bo

na
te

to
ju

ic
e

re
du

ce
d

th
e

m
ic

ro
bi

al
lo

ad
s,

w
ith

1.
5%

ci
tr

ic
ac

id
an

d
15

μ
L/

10
0

m
L

di
m

et
hy

ld
ic

ar
bo

na
te

be
in

g
th

e
m

os
t

ef
fe

ct
iv

e
co

nc
en

tr
at

io
ns

.

H
al

im
an

d
ot

he
rs

(2
01

2)

G
am

m
a

irr
ad

ia
tio

n

Su
ga

rc
an

e
Ju

ic
e

5
kG

y;
�

26
°C

Ci
tr

ic
ac

id
(0

.3
%

),
so

di
um

be
nz

oa
te

(0
.0

15
%

),
po

ta
ss

iu
m

so
rb

at
e

(0
.0

25
%

),
an

d
su

cr
os

e
(1

0%
).

Th
e

tr
ea

tm
en

tp
ro

lo
ng

ed
th

e
sh

el
fl

ife
to

15
d

at
am

bi
en

t
te

m
pe

ra
tu

re
an

d
35

d
at

10
°C

.
M

is
hr

a
an

d
ot

he
rs

(2
01

1)

D
en

se
-p

ha
se

ca
rb

on
di

ox
id

e

O
ra

ng
e

Ju
ic

e
20

to
30

M
Pa

;1
0

to
70

m
in

;4
0

to
55
°C

Et
ha

no
l(

1%
to

5%
,v

/
v)

97
%

re
du

ct
io

n
of

PM
E

w
ith

2%
D

PC
D

.
Ift

ik
ha

ra
nd

ot
he

rs
(2

01
4)

46 Comprehensive Reviews in Food Science and Food Safety � Vol. 17, 2018 C© 2017 Institute of Food Technologists®



Nonthermal for juices and beverages . . .

Ta
bl

e
14

–I
m

pr
ov

in
g

th
e

ef
fe

ct
iv

en
es

s
of

no
nt

he
rm

al
tr

ea
tm

en
ts

—
A

pp
ro

ac
h

6:
Co

m
bi

na
ti

on
w

it
h

ba
ct

er
io

ci
ns

.

Fr
ui

t/
ve

ge
ta

bl
e

so
ur

ce
Pr

od
uc

t
Pr

oc
es

si
ng

co
nd

it
io

ns
Ba

ct
er

io
ci

n(
s)

K
ey

fin
di

ng
(s

)
Re

fe
re

nc
e

Pu
ls

ed
el

ec
tr

ic
fie

ld
s

A
pp

le
Ju

ic
e

15
0

H
z;

35
kV

/
cm

;4
μ

s;
10

0
to

10
00

μ
s;

20
°C

En
te

ro
ci

n
A

S-
48

(0
.1

75
to

1.
05

A
U

/
m

L)
0.

61
3

A
U

/
m

L
of

en
te

ro
ci

n
in

co
m

bi
na

tio
n

w
ith

tr
ea

tm
en

tt
im

e
of

10
00

μ
sr

ed
uc

ed
th

e
po

pu
la

tio
n

of
Pd

.p
ar

vu
lu

s
(s

tr
ai

n
48

)b
y

6.
6

lo
g

CF
U

/
m

L
an

d
yi

el
de

d
an

ap
pl

e
ju

ic
e

th
at

w
as

fr
ee

fr
om

pe
di

oc
oc

ci
du

rin
g

a
30

d
st

or
ag

e
pe

rio
d

at
4

an
d

22
°C

.

V
ie

dm
a

an
d

ot
he

rs
(2

01
0)

O
ra

ng
e

Ju
ic

e
15

H
z;

40
kV

/
cm

;1
μ

s;
10

0
μ

s;
<

56
°C

N
is

in
(2

.5
pp

m
)a

nd
na

ta
m

yc
in

(1
0

pp
m

)
N

is
in

co
m

bi
ne

d
w

ith
PE

F
in

ac
tiv

at
ed

L.
in

no
cu

a
(IM

D
11

28
)a

nd
E.

co
li

k1
2

in
a

sy
ne

rg
is

tic
m

an
ne

rr
es

ul
tin

g
in

a
to

ta
lr

ed
uc

tio
n

to
5.

6
an

d
7.

9
lo

g
CF

U
/

m
L,

re
sp

ec
tiv

el
y.

Th
e

na
ta

m
yc

in
-P

EF
co

m
bi

na
tio

n
ag

ai
ns

t
P.

fe
rm

en
ta

ns
(C

BS
18

9)
w

as
no

ts
ig

ni
fic

an
tly

di
ff

er
en

t
to

th
e

ef
fe

ct
ca

us
ed

by
PE

F
al

on
e.

M
cN

am
ee

an
d

ot
he

rs
(2

01
0)

H
ig

h
hy

dr
os

ta
tic

pr
es

su
re

A
pp

le
Ju

ic
e

10
0

to
50

0
M

Pa
;5

m
in

;5
0
°C

N
is

in
(5

00
to

10
00

IU
/

m
L)

U
si

ng
pr

es
su

re
of

20
0

M
Pa

fo
r4

5
m

in
w

ith
a

ni
si

n
co

nc
en

tr
at

io
n

of
25

0
IU

/
m

L
en

ab
le

d
to

ta
lA

l.
ac

id
ot

er
re

st
ri

s
(T

O
-2

9/
4/

02
)s

po
re

in
ac

tiv
at

io
n.

So
ko

ło
w

sk
a

an
d

ot
he

rs
(2

01
2)

Cu
cu

m
be

r
Ju

ic
e

40
0

M
Pa

;4
m

in
an

d
50

0
M

Pa
;

2
m

in
;�

25
°C

N
is

in
(1

00
IU

/
m

L)
Th

e
sa

m
pl

es
tr

ea
te

d
by

50
0

M
Pa

/
2

m
in

w
ith

ni
si

n
ex

hi
bi

te
d

a
lo

ng
er

sh
el

fl
ife

un
de

rr
ef

rig
er

at
ed

co
nd

iti
on

s.

Zh
ao

an
d

ot
he

rs
(2

01
3)

D
en

se
-p

ha
se

ca
rb

on
di

ox
id

e

Ca
rr

ot
Ju

ic
e

5
an

d
8

M
Pa

;2
5

to
45
°C

/
5

to
65

m
in

N
is

in
(2

00
IU

/
m

L)
D

PC
D

en
ha

nc
ed

th
e

se
ns

iti
za

tio
n

of
E.

co
li

O
15

7:
H

7
to

ni
si

n
an

d
th

e
tim

e
fo

rt
he

co
m

pl
et

e
in

ac
tiv

at
io

n
w

as
sh

or
te

ne
d

by
2.

5
to

5
m

in
by

co
m

bi
na

tio
n

of
D

PC
D

an
d

ni
si

n
th

an
by

D
PC

D
al

on
e.

Bi
an

d
ot

he
rs

(2
01

4)

Li
tc

hi
Ju

ic
e

10
M

Pa
;5

to
30

m
in

;3
2

to
52
°C

N
is

in
(2

00
pp

m
)

Co
m

pl
et

e
in

ac
tiv

at
io

n
of

ae
ro

bi
c

ba
ct

er
ia

.N
o

si
gn

ifi
ca

nt
ef

fe
ct

of
ni

si
n

on
th

e
in

ac
tiv

at
io

n
of

ye
as

ts
an

d
m

ol
ds

.
Li

an
d

ot
he

rs
(2

01
2)

C© 2017 Institute of Food Technologists® Vol. 17, 2018 � Comprehensive Reviews in Food Science and Food Safety 47



Nonthermal for juices and beverages . . .

the spore reduction was 2.4, 3.3, and 4.0 log CFU/mL, respec-
tively for TO-29/4/02 strain, and 1.3, 2.6, and 2.8 log CFU/mL
for TO-117/02 strain. Lee and others (2014) reported that when
10 kGy γ -irradiation was applied to apple juice, populations of
Al. acidoterrestris spores were reduced by 4.34, 3.9, and 3.84 log
cfu/mL in 18, 36, and 72 °Brix apple juice concentrates, respec-
tively. When 10 kGy γ -irradiation was applied to 11 °Brix orange
juice, populations of Al. acidoterrestris spores were reduced by 5
log CFU/mL; the reduction of spores in 33 and 66 °Brix orange
juice concentrates exposed to 10-kGy γ -irradiation was 4.54 and
3.85 log.

The destruction pattern in different nonthermal technologies
was found to be also dependent on pH. In HHP processing of
carrot juice, a lower pH enhanced the death rate of Bacillus licheni-
formis spores (Tola and Ramaswamy 2014). Navarro and others
(2014) demonstrated that the inactivation of PME in citrus juices
by HPH at 150 MPa might be promoted by a low pH. Song and
others (2015a) found that ozone treatment of pH 3.0 apple juice
resulted in >5.36 log reduction of E. coli O157:H7; ozone treat-
ment of pH 4.0 and 5.0 apple juice reduced this pathogen by 5.12
and 1.86 log CFU/mL, respectively.

Combination with heat
Electrical technologies can be effectively combined with tem-

perature treatments. PEF treatments conducted at 55 °C sig-
nificantly inhibited the growth of total aerobic bacteria in
pomegranate juice, which remained <2.5 log CFU/mL during
a 12-wk storage at 4 °C (Guo and others 2014). RFEF treatment
conducted at 75 °C achieved a viability loss for E. coli K12 in apple
juice by ca. 7 log CFU/mL (Ukuku and others 2012).

High-pressure processing is another nonthermal technology
that can be successful combined with heat. Evelyn and others
(2016) found that HPP-75 °C process was the most effective
technique for inactivating Neosartorya fischeri ascospores in apple
juice. In the same way, HHP-600 MPa/50 °C reduced by 3 log
CFU/mL Al. acidoterrestris in orange juice (Hartyáni and others
2013). Pulsed HHP-50 °C reduced patulin in apple juice up to
45.49% (Avsaroglu and others 2015). HPH-68 °C preserved ac-
ceptability and cloudiness of orange juice for at least 3 m of refrig-
erated storage at 3 °C even with a high residual PME activity (75%;
Carbonell and others 2013). UHPH (74.2 °C, maximum temper-
ature) achieved the total inactivation in grape juice of Salmonella
enterica serovar Senftenberg 775W (Velázquez-Estrada and others
2011).

Many authors stated that sonication is more effective than the
treatment alone for microbial inactivation when combined with
moderate heat (thermosonication, TS) or moderate heat and pres-
sure (manothermosonication, MTS; Jiménez-Sánchez and others
2017a). Moody and others (2014) reported a 6 log reduction of
E. coli after 5 min TS in apple juice when temperature was kept at
60 °C (Moody and others 2014). In orange juice, MTS treat-
ments are highly effective on inactivating L. monocytogenes and E.
coli (Guzel and others 2014).

Some published data demonstrated that it was difficult to
guarantee the effectiveness of UV technology to reach 5 log-
inactivation in fruit juices with high absorption coefficients and
turbidities (Gayán and others 2012). One promising alternative
to overcome these limitations is to combine UV light with mild
conventional preservation methods (Gouma and others 2015a).
UV-55 °C assured a 5 log-reduction of E. coli in apple and orange
juices without affecting pH, soluble solids, and acidity (Gayán and
others 2012, 2013).

A number of studies also focused on the combination of inert
gas processing with heat. In apple juice, the aerobic bacteria were
almost totally inactivated by DPCD at �52 °C (Liao and others
2010b). In strawberry juice, the highest level of POD inactivation
(95%) was achieved at a temperature of 65 °C (Marszałek and oth-
ers 2015b). The combination of ozone and heat for 1 min reduced
E. coli O157:H7 in apple juice by 1.50 and 1.60 log CFU/mL,
respectively, at 25 and 45 °C, and below the detection limit at 50
and 55 °C (Sung and others 2014).

Application of heat before or after nonthermal process
The use of nonthermal treatments in combination with heat

can be approached also by a second strategy: namely, applying
nonthermal treatments before or after heating of the food medium.
An example was provided by Engmann and others (2014b). These
authors first introduced mulberry juice into a hot water bath and
then performed HHP. In another study, Yu and Rupasinghe (2013)
first homogenized carrot juice under 100 MPa at 20 °C and then
pasteurized at �98 °C/3 min. As a result, a low sediment for 2 wk
under refrigeration was found.

Tribst and others (2011) combined UHPH with a posterior heat
shock to inactivate heat-resistant Aspergillus niger in mango nectar.
The combined treatment reduced mold growth by 5 log CFU/mL,
with a synergistic effect as compared to thermal treatment and
HPH alone.

Evelyn and others (2016) thermally processed apple juice inocu-
lated with N. fischeri in a water bath. This heat shock process might
break the dormant state of mold spores and increase the number
of spores able to germinate, leading to a loss of stability during the
transition to the germinating stage. Then, TMS treatments were
carried out in the thermostatic water bath inside the laminar flow
hood. As a result, spores are more sensitive to the ultrasound +
heat than heat alone.

Sew and others (2014) treated pineapple juice with mild heat
followed by UV light at different dosages. Treating pineapple juice
with mild heat at 55 °C for 10 min and UV decreased PME by
60.53% while retaining �61.57% and 72.80% of bromelain and
total phenolic content, respectively.

Parker and others (2010) combined γ -irradiation and heat treat-
ments to inactivate L. innocua and Clostridium sporogenes in papaya
nectar; the treated juice showed flavor and a nutritional profile
close to untreated controls. In another study, a short thermal
treatment was given to ginger and Indian borage ready-to-drink
beverages, and the juices were then gamma irradiated; with 2 to
3 kGy dose, beverages remained microbiologically safe (Dadasaheb
and others 2015).

Zhao and others (2014) first clarified apple juice by UF and
then flash pasteurized. Under these conditions, total plate count
and yeasts and molds were <1 log CFU/mL (Zhao and others
2014). The same approach was used to treat pear juice; total plate
count and yeasts and molds were reduced below the detection
level (Zhao and others 2016).

Combined technologies
The success of hurdle technologies largely depends on the com-

patibility of the components involved in each method and the ease
with which each method can be implemented by the food industry
(Martı́n-Belloso and Sobrino-López 2011).

PEF is a nonthermal technology that can be succesfully com-
bined with other nonthermal processing techniques. Palgan and
others (2012) studied the inactivation of L. innocua in a milk-
based smoothie using PEF and MTS. As a result, the combination
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achieved inactivation levels comparable to thermally treated sam-
ples (for example, 4.2 to 5.6 log CFU/mL). Caminiti and others
(2012) combined PEF and MTS in carrot/orange juice blend
processing; they found 19% PME residual activity. Caminiti and
others (2011a) found that PEF in combination with UV or PL
might maintain quality attributes of apple/cranberry juice blend
(Caminiti and others 2011a). Aadil and others (2015a) evaluated
the combined effects of PEF and US on some quality parameters
of grapefruit juice. No significant change was observed in pH,
acidity, °Brix and electrical conductivity; however, a significant
decrease in viscosity and increase in cloudiness was observed after
the combined treatment.

Another approach to overcome the limitations of radiation tech-
nology is to combine it with other nonthermal preservation meth-
ods. Ukuku and Geveke (2010) investigated a combined treatment
of UV light and RFEF for the inactivation of E. coli K-12 in apple
juice. The effect of the combination UV+RFEF was related to the
temperature, as the viable count was reduced by 4 log CFU/mL at
25 °C and 5.5 log CFU/mL at 40 °C and at higher temperatures
the extent of sub-lethal injury on cells was stronger. Khandpur
and Gogate (2015) combined UV light and US in carrot, orange,
spinach, and sweet lime juices, and found high retention of phe-
nolic content and antioxidant activity as well as the free radical
scavenging activity. Başlar and Ertugay (2013) used UV and TS in
apple juice. This combination achieved 89.3% PPO enzyme in-
activation, as well as an increase in color parameters. Ferrario and
others (2015) evaluated the effect of PL and US on the inactivation
of Al. acidoterrestris spores and S. cerevisiae inoculated in commer-
cial and natural squeezed apple juices. The combination of these
technologies led up to 3.0 log-reduction of spores in commercial
apple juice and 2.0 log CFU/mL in natural juice, respectively;
whereas for S. cerevisiae was reduced by 6.4 and 5.8 log CFU/mL.
Muñoz and others (2011) combined PL and TS in orange juice
obtaining 2.5 to 3.93 log inactivation of E. coli K12.

In recent years, an approach that has been explored to over-
come bacterial pressure resistance is the combination of HP tech-
nology with other nonthermal treatments (Feyaerts and others
2015). Abid and others (2014) combined HHP and US for apple
juice processing. The combination US-pressure at 450 MPa led
to the highest inactivation of PME, PPO, and POD, the complete
inactivation of total plate counts, yeasts and molds, as well as a
significant improvement of phenolic compounds, ascorbic acid,
antioxidant capacity, radical scavenging activity and color values.
Evelyn and Silva (2016) used HHP to enhance spore inactivation of
Al. acidoterrestris in orange juice by TS. Shahbaz and others (2016)
reported that L. monocytogenes and S. aureus were completely in-
activated when treated with a combination of HHP and TUVP.
In a prebiotic cranberry juice fortified with FOS the retention
of organic acids was high (>90%) and an increase in anthocyanin
content (up to 24%) was observed when US was followed by HPP
(Gomes and others 2017).

The use of DPCD in combination with US is a relatively new
concept. Ortuño and others (2014b) proposed this approach using
US embedded in a DPCD system for the inactivation kinetics of E.
coli and S. cerevisiae cells in apple juice. Treatment totally inactivated
the population of E. coli and S. cerevisiae. In another study, Ortuño
and others (2014a) used the combination of US + DPCD to
inactivate E. coli and S. cerevisiae in orange juice. Cappelletti and
others (2014) used DPCD + US in coconut water, and achieved
a 5 log reduction of the natural microbiota in 15 min whereas
30 min were required for DPCD treatment alone. The shelf life
was ca. 4 wk at 4 °C.

Another interesting possibility is the combination of membrane
processing with other nonthermal treatments. During the FO con-
centration of fruit juices, as water permeates through the mem-
brane, pectin present in the juice accumulates on the membrane
surface and forms a thick layer leading to the advent of cake-
enhanced concentration polarization that reduces the net driving
force. In this respect, the application of external fields such as US
is expected to mitigate the concentration polarization resulting in
higher flux rates (Chanukya and Rastogi, 2017). Zhao and others
(2015a) combined MF and UV achieving more than a 5 log re-
duction of E. coli, Cryptosporidium parvum, and Al. acidoterrestris in
apple cider. Zhao and others (2014) found that fresh apple juice
processed by UF + HPP was microbiologically safe during subse-
quent 60 d of storage at 4 °C. Zhao and others (2016) combined
UF + HHP for pear juice processing. During 56 d of refrigerated
storage, all samples showed microbial safety, as well as low decrease
in total phenols and antioxidant capacity.

Onsekizoglu and others (2010) combined UF + OD and/or
MD. This new membrane-based concentration techniques were
very efficient since the product characteristics were very similar
to that of the initial apple juice especially regarding the retention
of bright natural color and pleasant aroma, which are significantly
lost during thermal evaporation. Sagu and others (2014b)
combined UF + MF for banana juice processing. The storage
study indicated that the juice could be successfully stored for 1 mo
at 4 °C without any additive and preservative, keeping its natural
nutritional qualities, taste, and flavor intact. Souza and others
(2013) used integrated membrane processes (RO + OD) reaching
concentration levels up to 7 times for camu-camu juice’s bioactive
compounds (Souza and others 2013). In another study, integrated
membrane techniques (UF + OD and/or MD) were very
efficient to maintaining the original characteristics of the clarified
pomegranate juice (Onsekizoglu 2013). MD + OD membrane
systems was more advantageous comparing to the conventional
method in terms of the formation of hydroxymethylfurfural and
furan in tomato juice (Savaş Bahçeci and others 2015).

A recent interesting possibility is the combination of nonthermal
treatments with alternative thermal technologies. Lee and others
(2013b) obtained about 6.30 log reduction of E. coli for apple
juice treated with the UV/OH combination at 65 °C (OH, ohmic
heating). Samani and others (2015a) combined US and MW in
orange juice processing. Park and others (2013) combined HHP
+ OH for tomato juice processing. As a result, B. amyloliquefaciens
and Geobacillus stearothermophilus spores were reduced by 3.1 and
4.8 log CFU/mL, respectively.

Combination with antimicrobials
Apart from thermal pasteurization, some chemical preservatives

are also widely used for the extension of the shelf life of juices
and beverages. Two of the most commonly used preservatives are
potassium sorbate and sodium benzoate. Nitrate and nitrite as
sodium or potassium salts has also been used as food additives to
improve the microbiological safety of food and to extend their safe
shelf life (Backialakshmi and others 2015). Combining nonthermal
technologies with other mode of preservation such as antimicrobial
agents has recently been successfully used to keep food safety and
quality of fruit and vegetable juices (Table 13).

A study performed on strawberry juice inoculated with E.
coli and treated with PEF in combination with sodium benzoate,
potassium sorbate and citric acid, showed a reduction of 5.11 log
CFU/mL on the microbial count after exposure to PEF, whereas in
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the sample without preservatives, a decrease of 3.79 log CFU/mL
was achieved (Gurtler and others 2011).

Another approach relies upon the use of antimicrobials in com-
bination with HP treatment. Studies on a wide range of veg-
etative bacteria and both in buffer and foods have found that
antimicrobials can considerably enhance bacterial inactivation by
HP treatment, even when they are used at sublethal concentra-
tions (Feyaerts and others 2015). Espina and others (2013) tested
the combination of HHP with (+)-limonene achieving up to a
5 log reduction in the initial E. coli concentration in apple and or-
ange juices. In another study, Carbonell-Capella and others (2013)
evaluated the combination of HHP + Stevia rebaudiana Bertoni in
mango/orange/papaya juice blend.

Bevilacqua and others (2012b) used HPH to process an apple
juice supplemented with natural antimicrobials such as limonene
and citrus extract as hurdles against S. bayanus growth. HPH at
20 MPa reduced the colony count of S. bayanus by 2 to 4 log
CFU/mL; citrus extract supplementation delayed the growth of
the yeast for 4 to 8 d at 25 °C.

Efficiency of combined application of US technology and an-
timicrobials has been successfully studied for many fruit juices. In
pineapple juice, the combination of US with sodium benzoate +
citrus extract caused a viability loss of Wickerhamomyces anomalus,
which was reduced below the detection limit after 4 d at 25 °C;
the treatment has no significant effect on overall acceptability of
product (Bevilacqua and others 2015). In orange juice, the use of
benzoate and citrus extract achieved a reduction of 5 log CFU/mL
of Fusarium oxysporum spores for at least 14 d of storage at 25 °C
(Bevilacqua and others 2013). In blueberry/orange/pomegranate
juice blend, US reduced the initial contamination of Z. bailii
whereas citrus extract could control the yeast within the storage.
In this respect, citrus extract at 100 ppm was able to control Z.
bailii for at least 6 d at 25 °C (Bevilacqua and others 2014).

Despite the benefits of UV nonthermal treatment for food de-
contamination, the potential reactivation of pathogenic bacteria
after exposure to UV light should not be ignored. Bacteria gener-
ally possess molecular mechanisms to compensate for the damaging
effects of UV light radiation on DNA (Yin and others 2015). To
overcome this limitation, the hurdle technology might be useful.
For example, post addition of dimethyl dicarbonate into the UV-
treated pineapple juice has been found to reduce by 2.61 and 4.87
log CFU/mL, respectively, total plate count and yeasts and molds;
dimethyl dicarbonate did not cause any negative effect (apart from
the total phenolic content) in the juice (Shamsudin and others
2014). Similarly, the addition of dimethyl dicarbonate to apple
juice synergistically increased the lethality of UV radiation, mainly
when the concentration was higher than 25 mg/L (Gouma and
others 2015b). However, although the addition of certain addi-
tives represents a viable option to ensure the safety and extend
the shelf life of UV-treated beverages, Usaga and others (2017)
reported that ascorbic acid, benzoate, and sorbate, additives com-
monly used by the juice industry, increased apple juice’s absorption
coefficient and negatively interfere with the performance of UV.

Combining γ -irradiation technology with antimicrobial com-
pounds has also been evaluated. Mishra and others (2011) tested
the combination of citric acid, sodium benzoate, potassium sor-
bate, and sucrose for extending the shelf life of gamma irradiated
sugarcane juice to 15 d at ambient temperature and 35 d at 10 °C.
The microbial load was found to be below detectable limit within
this period with any effect on the quality parameters. In addi-
tion, the sensory evaluation scores showed that the juice with this
combination treatment was highly acceptable.

With regard to inert gas processing, the addition of ethanol to
orange juice processed by DPCD proved to be effective as 97%
PME inactivation was achieved at the level of 2% (v/v; Iftikhar
and others 2014).

Combination with bacteriocins
Bacteriocins could also be applied in combination with non-

thermal food processing technologies in order to increase the ef-
ficacy of treatments and protect against proliferation of survivors
during storage.

McNamee and others (2010) incorporated nisin and natamycin
in orange juice processed by PEF technology in order to inactivate
spoilage (P. fermentans) and pathogenic (E. coli and Listeria spp.)
microorganisms. Combinations of nisin and PEF showed the most
synergistic effect on inactivation levels, producing a reduction of
up to 5 log CFU/mL or more in all the microorganisms studied.
Viedma and others (2010) tested Enterocin AS-48 in combination
with PEF for reducing the population of Pd. parvulus by 6.6 log
CFU/mL and yielded an apple juice that was free from pediococci
during a 30-d storage period at 4 and 22 °C.

Sokołowska and others (2012) used HHP with nisin to total
inactivate Al. acidoterrestris spores (over 6 log) in apple juice. Zhao
and others (2013) treated cucumber juice by HHP with nisin,
thus obtaining a longer shelf life under refrigerated conditions as
compared with other treated samples.

Li and others (2012) evaluated the combination DPCD + nisin
in litchi juice. As a result, the complete inactivation of aerobic
bacteria was achieved; however, no significant effect of nisin was
found on the inactivation of yeasts and molds. In another study,
Bi and others (2014) combined DPCD and nisin to inactivate E.
coli in carrot juice. DPCD enhanced the sensitization of E. coli to
nisin and the time for the complete inactivation was shortened by
2.5 to 5 min.

Conclusions: To be Continued
Heat treatments still remain the most used approach to assure

quality and safety of juices and beverages; however, they might
have some detrimental effects on the nutritional quality negatively
impact on the fresh-like characteristics. A possibility is the use of
nonthermal approach. This paper offers on overview of the most
recent advances (5 to 10 y) in terms of process design and opti-
mization for pressure, electrical light, radiation, membrane and gas
based-approach, with a special focus on the retention of bioactive
compounds, inactivation of enzymes and spoiling microorganisms
as well as pathogens.

For each approach, the focus is on the effective conditions of
processing, as well as on some indices related to treatment ef-
fectiveness, focusing on different juices and products. Some ap-
proaches are currently used for industrial applications (for example,
high pressure, homogenization), while others are still at laboratory
level, and many times the scale up is a critical step. Therefore,
further efforts are required to implement these methodologies and
combine the desire of an increased nutritional quality and the eco-
nomicity of the process, as the high cost is still a drawback and
limits the diffusion of these approaches. A never-ending story to
be continued.

Abbreviations
DCEF Direct current electric field
DCMD Direct contact membrane distillation
DPCD Dense phase carbon dioxide
EF Electric field
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EBI Electron beam irradiation
FO Forward osmosis
FOS Fructo-oligosaccharides
GI Gamma irradiation
HHP High hydrostatic pressure
HMF 5-Hydroxymethyl-2-furfural
HPCD High-pressure carbon dioxide
HPH High-pressure homogenization
HVED High-voltage electrical discarge
LCD Liquid carbon dioxide
LOX Lipoxygenase
MD Membrane distillation
MF Microfiltration
MS Manosonication
MTS Manothermosonication
MW Microwave
MWCO Molecular weight cut-off
NF Nanofiltration
OD Osmotic distillation
OH Ohmic heating
OS Osmosonication
p-HHP Pulsed HHP
PCT Pressure change technology
PE Pectinesterase
PEF Pulsed electric field
PG Polygalacturonase
PL Pulsed light
PM Pervaporation membranes
PME Pectin methyl esterase
POD Peroxidase
PP Polypropylene
PPO Polyphenol oxidase
PRO Proteolytic activity
PTFE Polytetrafluoroethylene
PVDF Polyvinylidenedifluoride
RFEF Radio frequency electric fields
RO Reverse osmosis
SCCD Supercritical carbon dioxide
TS Thermosonication
TUVP Titanium dioxide-UVC photocatalysis
UF Ultrafiltration
UHPH Ultra-high-pressure homogenization
US Ultrasound
UV Ultraviolet
VMD Vacuum membrane distillation
Abbreviations of microorganisms
Alicyclobacillus Al.
Aspergillus A.
Bacillus B.
Brettanomyces Br.
Citrobacter Cit.
Clostridium Cl.
Escherichia E.
Fusarium F.
Lactobacillus Lb.
Listeria L.
Neosartorya N.
Oenococcus O.
Pediococcus Pd.
Pichia P.
Pseudomonas Ps.

Saccharomyces S.
Staphylococcus Staph.
Wickeramomyces W.
Zygosaccharomyces Z.
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Gayán E, Serrano MJ, Monfort S, Álvarez I, Condón S. 2013. Pasteurization
of apple juice contaminated with Escherichia coli by a combined UV–mild
temperature treatment. Food Bioprocess Technol 6:3006–16.

Gialleli AI, Bekatorou A, Kanellaki M, Nigam P, Koutinas AA. 2016. Apple
juice preservation through microbial adsorption by nano/micro-tubular
cellulose. Innov Food Sci Emerg Technol 33:416–21.

Gironés-Vilaplana A, Huertas J-P, Moreno DA, Periago PM, Garcı́a-Viguera
C. 2016. Quality and microbial safety evaluation of new isotonic beverages
upon thermal treatments. Food Chem 194:455–62.

Gomes FS, Costa PA, Campos MBD, Tonon RV, Couri S, Cabral LMC.
2013. Watermelon juice pretreatment with microfiltration process for
obtaining lycopene. Int J Food Sci Technol 48:601–8.

Gomes WF, Tiwari BK, Rodriguez O, de Brito ES, Fernandes FAN,
Rodrigues S. 2017. Effect of ultrasound followed by high pressure
processing on prebiotic cranberry juice. Food Chem 218:261–8.
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Koutchma T, Popović V, Ros-Polski V, Popielarz A. 2016. Effects of
ultraviolet light and high-pressure processing on quality and health-related
constituents of fresh juice products. Comp Rev Food Sci Food Saf
15:844–67.

Kubo MTK, Augusto PED, Cristianini M. 2013. Effect of high pressure
homogenization (HPH) on the physical stability of tomato juice. Food Res
Int 51:170–9.

Kujawa J, Guillen-Burrieza E, Arafat HA, Kurzawa M, Wolan A, Kujawski
W. 2015. Raw juice concentration by osmotic membrane distillation
process with hydrophobic polymeric membranes. Food Bioprocess Technol
8:2146–58.

Kujawski W, Sobolewska A, Jarzynka K, Güell C, Ferrando M, Warczok J.
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modelling of polyphenol oxidase, peroxidase, pectin esterase,
polygalacturonase, degradation of the main pigments and polyphenols in
beetroot juice during high pressure carbon dioxide treatment. LWT - Food
Sci Technol. 85:412–7.
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editor. Processing pomegranates for juice and impact on bioactive
components. Processing and Impact on Active Components in Food.
London: Academic Press. p 629–36.

58 Comprehensive Reviews in Food Science and Food Safety � Vol. 17, 2018 C© 2017 Institute of Food Technologists®



Nonthermal for juices and beverages . . .

Ochoa-Velasco CE, Guerrero Beltrán JA. 2013. Short-wave ultraviolet-C
light effect on pitaya (Stenocereus griseus) juice inoculated with
Zygosaccharomyces bailii. J of Food Eng 117:34–41.

Odriozola-Serrano I, Puigpinós J, Oliu GO, Herrero E, Martı́n-Belloso O.
2016. Antioxidant activity of thermal or non-thermally treated strawberry
and mango juices by Saccharomyces cerevisiae growth based assays. LWT -
Food Sci and Technol 74:55–61.

Onsekizoglu P, Savas Bahceci K, Acar MJ. 2010. Clarification and the
concentration of apple juice using membrane processes: A comparative
quality assessment. J Membrane Sci 352:160–5.

Onsekizoglu P. 2013. Production of high quality clarified pomegranate juice
concentrate by membrane processes. J Membrane Science 442:264–271.

Ortuño C, Balaban M, Benedito J. 2014a. Modelling of the inactivation
kinetics of Escherichia coli, Saccharomyces cerevisiae and pectin methylesterase in
orange juice treated with ultrasonic-assisted supercritical carbon dioxide. J
Supercrit Fluid 90:18–26.

Ortuño C, Quiles A, Benedito J. 2014b. Inactivation kinetics and cell
morphology of E. coli and S. cerevisiae treated with ultrasound-assisted
supercritical CO2. Food Res Int 62:955–64.

Pala CU, Toklucu AK. 2011. Effect of UV-C light on anthocyanin content
and other quality parameters of pomegranate juice. J Food Compos Anal
24:790–5.
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Effect of ultrafiltration on anthocyanin and flavonol content of blackcurrant
juice (Ribesnigrum). Food Bioprocess Technol 5:921–8.
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Fornal J, Jeliński T. 2012. Effects of high hydrostatic pressure processing on
the physicochemical and sensorial properties of a red wine. Innov Food Sci
Emerg Technol 16:409–16.

Tejada-Ortigoza V, Escobedo-Avellaneda Z, Valdez-Fragoso A, Mújica-Paz
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