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Abstract

BACKGROUND: Most agricultural crops contain high moisture content (80–95%wet basis (wb)) which makes them very suscep-
tible to microbial damage leading to shorter shelf-life and high postharvest losses. The high perishability of these agricultural
products requires preservation techniques to prolong their shelf-lives. Drying remains an important component of processing
in this regard. Therefore, any pretreatment methods for drying agricultural product that decreases the moisture content and
minimizes drying time by conserving the quality of the crop product is of prime significance. This article is a comprehensive
review of recent developments of non-thermal pretreatment (NTP) methods. A summary of their significance, emerging and
innovative methods of this technology together with its applications and limitations are discussed. This article further exam-
ines the environmental impact of NTP techniques.

RESULTS: NTP techniques, such as high pressure, ultrasound, pulsed electric field and osmotic dehydration methods are essen-
tial operations for pre-dehydration of agricultural products prior to drying. These techniques can avoid the deleterious effects
of heat on nutritive value, colour and flavour of agricultural products compared to thermal pretreatments. They also enhance
the inactivation of the enzymes, improve energy efficiency and mass transfer, reduce processing time, preserve bioactive com-
pounds, improve drying kinetics and drying rate, minimize enzymatic browning, and enhance product quality.

CONCLUSION: These findings will provide a better understanding of different NTPmethods and alsomake availablemore infor-
mation for selecting pretreatment techniques for drying of agricultural products.
© 2020 Society of Chemical Industry
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INTRODUCTION
Agricultural crops such as fruits, spices, vegetables, herbs, root
and tubers, etc. are thermo-sensitive products with high nutri-
tional, pharmacological as well as phytochemical properties (anti-
oxidant, bioactive compounds, etc.) and these properties account
for their numerous health potentials.1–3 These crops contain high
moisture content (80–95% wb) which makes them very suscepti-
ble to microbial damage leading to shorter shelf-lives and high
postharvest losses.4 Drying remains an important processing
method that could conserve and extend the shelf-lives of these
crops. It reduces the moisture content, delays decay and prolongs
storage duration thus leading to enhancement of product qual-
ity.5,6 However, conventional drying has been established to have
a negative influence on the quality of the finished products
(i.e. dried products) as well as the functional and nutritional com-
pounds.7,8 Hence, effective alternative pretreatment methods
that are capable of reducing drying time while maintaining the
quality are imperative.
Non-thermal pretreatment (NTP) techniques have been consid-

ered to be one of the most significant pretreatment technologies
available for the preservation of agricultural crops. NTP technology

has received much consideration in recent years due to its various
benefits over traditional thermal technology, including short pro-
cessing time, increased process efficiency and better product
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quality amongst others.9 It has been established that the NTP pro-
cess does not involve heat generation but it can cause a change
in temperature inside a product during processing.10 In other
words, these processes do not depend on the temperature of the
source. High pressure (HP), ultrasound (US), pulsed electric field
(PEF) and osmotic dehydration (OD) are examples of NTP technolo-
gies. Compared to thermal pretreatment, the NTP can prevent the
damaging impacts on colour, flavour, and nutritive value of agricul-
tural products.
HP processing is one of the pretreatments that advance the

quality of the dried product. This pretreatment has been reported
to improve interactions of covalent and non-covalent bonds dur-
ing dehydration leading to enzyme inactivation and destruction
of microorganism.11 Similarly, the application of HP treatment
preserves the secondary, tertiary, and quaternary structure of pro-
teins such as amino acids as well as retention of aroma, flavour,
vitamins and other phytochemical compounds.10

US is a promising NTP technique used in the food processing
industry. It is normally used prior to drying of various agricultural
products to improve the drying rate, drying time, mass transfer,
reduce the cost of processing and preserve the quality proper-
ties.12 The application of US results in a sponge-like effect on
the surface of the solid food sample which forms microspores
within the food material. This enhances higher water removal as
well as lessen the processing time.13 Ren et al.,14 showed that
US pretreatment preserved the bioactive compounds and antiox-
idants activity in dried onions slices. Khandpur and Gogate,15

reported that US pretreatment enhanced the nutritional quality
of carrot, spinach, sweet lime, orange and juices.
OD pretreatment has shown enormous potential in enhancing

themass transfer and lessening the drying time as well as preserv-
ing the nutritional and textural characteristics of the dehydrated
products.16 It involves the immersion of food material into a
hypertonic solution causing the exchange of water and solutes.17

Oladejo et al.,7 revealed that OD pretreatment preserved the tex-
ture and nutritional content of sweet potato. The process of OD
has also been applied as a pretreatment preceding drying of
mushroom,17 garlic,18 tomato and papaya.19 This pretreatment
method can be used to prevent or reduce browning.
PEF is also a NTP technique that uses short pulses of electricity. This

causes electroporation in the cell wall of microorganisms thereby
inactivating them. Food processed by PEF meets consumers'
demand for fresh-like products with minimal loss of quality.20

Non-thermal technologies offer numerous merits for food pre-
treatment, for example, homogeneity of treatment; minimal ther-
mal damage; shelf-life similar to those treated thermally while
retaining the food quality parameters and low energy

requirement. Several studies have shown that NTP resulted in pre-
treated products with better quality.9,21 Therefore, application of
NTP technologies is crucial in order to lessen loss of quality in agri-
cultural product preceding drying. The objectives of this article
were to review (i) significance of NTP techniques; (ii) the influence
on agricultural product and limitations of the existing NTP technol-
ogies such as HP, US, PEF and OD; (iii) the environmental impact of
NTP techniques and (iv) recent development in NTP techniques.

EMERGING AND INNOVATIVE NTP
TECHNOLOGY
Ultrasound (US)
Influence and advantages of US pretreatment techniques on the
quality of agricultural products
US is a type of sound energy transmitted by waves in the form of
pressure at frequencies of 20 kHz and above.22 The application of
US range in food processing and analysis can be categorized into
two subclasses; high and low intensity (low and high energy).
Low-energy (low-power, low-intensity) US has frequencies higher
than 100 kHz at intensities below 1 W cm−2. High-energy (high
power, high-intensity) US uses intensities higher than 1 W cm−2

at frequencies between 20 and 500 kHz (see Fig. 1).23,24 It is exten-
sively explored on various parameters including antioxidant activ-
ity, colour properties, pH, vitamin C, non-enzymatic browning,
enzyme inactivation and polyphenols of various agricultural crops
(spices, fruits, herbs, vegetables).
Several works have been done to assess the influence of US pre-

treatment preceding drying on the physicochemical properties
and microstructural alterations of various products. One of the
important physical parameters of dehydrated product that
enhance consumer acceptance and ensure microbiological stabil-
ity is the total colour change and water activity respectively.25–27

Kroehnke et al.,28 studied the influence of US pretreatment on
convective drying of potato and reported that the total colour
change of dried potato significantly decreased when US was
applied. The US application during the convective drying process
of potato reduced the total colour change by about 8% and 12%
at 100 and 200 W, respectively, in comparison to the convective
process. They further reported that US application did not influ-
ence the water activity (aw) of the dried potato. However, aw
values of potato were similar (below 0.6) for the convection drying
process and the US pretreatment prior to the drying process. The
activity of microorganism is inhibited in aw below 0.6. As reported
by Mierzwa and Kowalski,29 the parameters of aw and colour
change were measured in assessing apple quality after US pre-
treatment preceding the drying process. The study revealed a
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Figure 1. Frequency range of sound wave.

www.soci.org R Osae et al.

wileyonlinelibrary.com/jsfa © 2020 Society of Chemical Industry J Sci Food Agric 2020

2

http://wileyonlinelibrary.com/jsfa


decrease in total colour change for convectively dried apple with
US enhancement. The US application during convective drying of
apple reduced the total colour change by about 32% at 200 W in
comparison to the convective drying. US application did not influ-
ence the water activity of the dried apple. However, the water
activity of the dried apple was lower than 0.4 for the convective
drying process and the US-assisted convective drying process.
The application of US greatly increases the drying kinetics, which
resulted in a reduction of the overall drying time. Thus, the energy
efficiency of the drying process represents an improvement lead-
ing to a reduction of energy consumption.25 Meanwhile, US appli-
cation may influence some physical properties of fruit, spices,
herbs and vegetables such as colour change, water activity, poros-
ity, and hardness, etc.
The advantages of using US in pretreatment of agricultural

crops include:

• Effective against vegetative cells, spores, and enzymes
• Reduction of processing times
• Improvement in heat and mass transfer
• Possible alteration of texture and food structure
• Batch or continuous operation
• Influence on enzyme activity
• Better product quality and reduced energy savings
• Enhancement of drying rate.

Application of US
The application of US may minimize some of the challenges of
conventional drying by enhancing the drying rate at reduced tem-
perature. The use of US at a time duration of 15 to 30 min with a
power range of 0 to 200 W has been reported to create micro
channels within the cell structure which lead to the damage of
the tissue components and an irreversible change to the cell struc-
ture.30 According to Garcia-Perez et al.,31 the application of US pre-
treatment on eggplant preceding convective drying resulted in a
significant decrease of drying duration and conserved the micro-
structure. This outcome is in agreement with the findings of Rodrí-
guez et al.,32 who studied the influence of US (18.5 and
30.8 kW m−3) pretreatment on the antioxidant properties, and bio-
active compounds [total polyphenol content (TPC), and total flavo-
noid content (TFC)] of apple slices. They further reported that the
US pretreatment retained a greater percentage of the antioxidant
properties, TPC and TFC compared to apple slices dried without US
pretreatment at the temperature range of 30 and 50 °C. Conse-
quently, the authors proposed that this could be interesting for
the preservation of phenolic compounds and the antioxidant
activity when high-density US and lower drying temperature are
applied. Wang et al.,27 also showed that the application of US
enhanced the convective drying process as shown in Table 1. Cruz
et al.,33 stated that the use of US pre-dehydration prior to drying of
grapes and plums increases drying rate, and drying kinetics as well
as improves the physical properties and the general quality
aspects of the final products. Similarly, the application of US as a
pretreatment has been established to reduce processing (drying)
time as a result of an enhanced mass transfer. Its usage results in
energy efficiency during drying by reducing the consumption of
energy and enhancement of effective moisture diffusivity.34

Kadam et al.,35 stated that dried seaweed pretreated by US prior
to drying improved the colour quality of the final product and
reduced the drying time as well as energy cost. Moreover, the
application of US can improve the quality parameters of products
dried with US-assisted convective drying process.30,32

The use of US pretreatment has been found to inactivate
enzymes such as peroxidase (POD) and polyphenol oxidase (PPO)
and prevent possible deterioration reactions.36 The underlying
reactions of these enzymes can cause deterioration of agricultural
crops particularly spices and herbs during storage, processing and
transportation.37 US pretreatment has been reported to be more
effective at inactivating the PPO and POD enzymes. The mecha-
nism involved in the inactivation of PPO and POD enzymes by US
may be ascribed to the chemical and mechanical effects of cavita-
tion.9 The ultrasonic cavitation results in the creation and disinte-
gration of micro bubbles which lead to high temperature and
pressure during the sonication process. The fast bubble explosion
caused by the US cavitation changes the environmental conditions
(pressure, temperature, and shear forces) of the enzymes and dam-
ages the enzyme structure which results in the enzyme
inactivation.38–40 Sulaiman et al.,38 further reported that application
of US resulted in a decrease in PPO and POD activity during proces-
sing of apple, strawberry, and pear at a temperature of 32 °C. Cao
et al.,41 stated that the application of US pretreatment improves
inactivation efficiency and lessens the inactivation time of POD
and PPO enzymes during the processing of bayberry. US pretreat-
ment whether with probe or in-bath led to a decrease in enzyme
activities which is time- and temperature-dependent. However,
US in bath treatment is less effective at shorter time and low tem-
perature than the US-with probe (Figs 2 and 3). In other words, at
lower temperature and shorter duration, the US-with probe is very
effective.42 Previous work of Sarpong et al.,43 revealed that US pre-
treatment prior to drying reduces Non-enzymatic browning (NEB)
on dried banana slices significantly compared to untreated sam-
ples. Low US pretreatment of daylilies prior to drying minimized
NEB and improved the colour retention of the dried daylilies.44

Ren et al.,14 reported that US pretreatment of onion resulted in a
higher preservation of TFC, TPC and antioxidant activity compared
to the untreated samples. This result is consistent with what was
reported by Santacatalina et al.45 They stated that the application
ofUS pretreatment preceding drying of apple preserved the antiox-
idant activity and other bioactive compounds. In agreement with
these findings, Horuz et al.46 who worked on US pretreatment for
drying of tomato slices, reported that the US pretreatment retained
some greater amount of TPC after hot air drying. The increase in the
preservation of the bioactive compounds may be ascribed to an
enhanced extraction efficiency as a result of US waves and cavita-
tion as well as mechanical stress on the ginger sample which aided
higher mass transfer.47

US pretreatment prior to drying has been established to enhance
solid gain and water loss. The US pretreatment of carrot resulted in
the lessening of the drying time and enhancement of mass transfer
compared with the untreated samples.27 Osae et al.,48 reported that
the use of US pretreatment technique facilitated the weight reduc-
tion, water loss, solid gain and shortened the drying time of ginger.
According to Sarpong et al.,49 the application of US treatment on
banana slices prior to drying reduced the processing time and was
more energy-efficient compared to the control (untreated).
Nowacka et al.,12 established that lessening of processing time,

effective mass transfer and moisture removal as well as improve-
ment energy consumption are some of the merits of the US pre-
treatment technique. The enhancement of mass transfer is
attributed to the liquid media in which the food sample is propa-
gated as a result of the influence of cavitation which creates micro
pores in the food samples (Fig. 4).The distorted disintegrations of
bubbles formed close to the food sample can produce micro
channels at the interface (surface of food sample) due to the
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expansions and alternating compressions from the US sound
waves resulting in a spongy-like effect. This reduces the total dry-
ing time and preserves energy.50

Limitation of US
The influence of US pretreatment on food depends largely on US
parameters which include, power, pulsating ratio, frequencies and
intensity, etc. During US treatment, the acoustic waves cause an

induced expansion and compression on the cell structure of the
food materials which results in protein denaturation as well as
an increase of enzyme activity due to disintegration of higher
molecular structures. This facilitates substrates to be more acces-
sible by the enzymes. Conversely, the application of US has also
been reported to reduce the amount of some nutrients particu-
larly antioxidant properties, TPC and TFC during the pretreatment
process as these leach into the processing water.33

Table 1. Studies on ultrasound (US) treatment on agricultural crops

Material Conditions Main results Reference

Carrot 20 kHz frequencywith pulse durations of 5 s on and 5 s off,
1200 W LFU

LFU pretreatment caused the disruption of cell structures
and formation of micro-channels, resulting in significant
(P < 0.05) decrease in drying time required

56

Apple (Lobo) Ultrasound frequency: 26 kHz; Ultrasound power: 100 W;
Air velocity: 0.7 m s−1; Air temperature: 45 °C

Ultrasoundmakes the drying processesmore effective and
enhances the drying efficiency of biological products
without significantly raising their temperature

68

Carrot Ultrasound frequency: 21.7 kHz; Ultrasound power: 75 W;
Air velocity: 1 m s−1; Air temperature: 40 °C

The power ultrasound application increased the mass
transfer coefficient and the effective moisture diffusivity
regardless of the mass load density used

126

Onion 20 kHz, for 1, 3 and 5 min or with blanching using hot
water at 70 °C for 1, 3 and 5 min

The ultrasound treatment improved the retention of
bioactive compounds and the antioxidant activity in
onion slices dried either by freeze drying or hot-air
drying

14

Grape skin
(Bobal)

Ultrasound frequency: 21.7 kHz; Ultrasound power: 45 W;
Air temperature: 40, 50, 60 and 70 °C

Both temperature and ultrasound application had a
significant (P < 0.05) influence on the drying kinetics
Ultrasound application reduced the antioxidant
potential, probably due to oxidase activation and cell
degradation

22

Green pepper Ultrasound frequency: 26 kHz; Ultrasound power: 100 and
200 W; Air velocity: 2 m s−1; Air temperature: 55 °C

Convective drying with the application of ultrasound and
microwave shorten significantly the drying time, reduce
the energy consumption and affect positively the
quality factors

67

Passion fruit
peel

Ultrasound frequency: 21.7 kHz; Ultrasound power:
30.8 kW m−3; Air temperature: 40, 50, 60 and 70 °C

Ultrasound application reduced the loss of total phenolic
content andmaintained the antioxidant activity of dried
passion fruit peel

127

Strawberry Ultrasound frequency: 21.8 kHz; Ultrasound power: 30 and
60 W; Air velocity: 2 m s−1; Air temperature: 40, 50,
60 and 70 °C

The applied acoustic power and temperature gave rise to a
significant reduction of drying time (13–44%) and
improvement in moisture diffusivity and the mass
transfer coefficient

125,129

Tomato 25-kHz, 300 W output power at 0, 20, and 40 min Ultrasound pretreatment significantly enhanced the
quality of the final product

53

Ginger 33 kHz, 600 W, 30 min, 30 °C, and 10 s on and 5 s off
(pulsating duration)

Enhanced the drying rate and retention of bioactive
compounds

128

Sweet potato 28 kHz, 30 min and power of 300 W Ultrasound pretreatment retained the colour quality of
sweet potato

4

Bitter melon Fixed ultrasound power of 1200 W for 15 min in a water
bath (25 °C).

Ultrasound pretreatment accelerate water loss during
drying processes, and contribute to a shorter drying
time

130

Garlic Ultrasonic bath at 30 °C for 30 min (35 kHz) Increase the drying rate and preserved colour properties 131
Mulberry leaves 26 kHz for 30 min using a pulsating duration of 10 s

(on) and 5 s (off) at constant power of 60 W.
Preservation of phenolic and antioxidant properties 120

Shiitake
mushrooms

Ultrasonic wave at 28 kHz and 600 W for 15 min Improvement in drying rate and overall quality 132

kiwifruit 35 kHz for 10, 20 and 30 min. Advanced drying rate and shorter drying time due to
micro channel creation

12

okra 20 kHz frequency at pre-treatment time of 10, 20 and
30 min

Enhancement of rehydration ratio and drying rate as well
as quality properties

133
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High pressure (HP)
Influence and advantages of HP pretreatment techniques on the
quality of agricultural products
Over the last 20 years, HP has been investigated on several com-
mercial products, including carrots, apple, cabbage, grapefruits,
orange and broccoli. The juices manufactured from these agricul-
tural crops are processed by HP and are currently been sold on the
market.51,52 HP pretreatment technique have great and numerous
importance in the food industry. Nutritionally, it enhances the
availability of dietary nutrients by converting complex food into
smaller ones.53 HP has the ability to inactivate various food dete-
riorating enzymes without causing significant degradation to the
nutritional and sensory qualities of the food products.54 In gen-
eral, the other merit of HP in pretreatment of food product
include:

• Pressure is homogeneously applied throughout during food
processing due to the consistency of the treatment

• There is less heat effect
• The storage life of the treated food product is extended compa-
rable to food product that has been pasteurized thermally

• The application of HP pretreatment require less amount of
energy.55,56

Application of HP pretreatments
Hite (1899) was the first scientist to apply HP in the processing of
milk and other agricultural product. He stated that the use of HP
pretreatment prolongs the storage and improves the quality of
the food product. The industrial application of HP has been

established to improve food safety, reduce food spoilage, main-
tain freshness of food products and preserve food products with
less application of food preservatives.57

The commercial use of HP includes subjecting food product
(packaged and unpacked) to a pressure of 100 to 900 MPa in
water for a time duration (1–20 min) at a temperature of 25 °C
(room temperature). This process enhances the inactivation of
enzymes and other deteriorating microorganism and retains the
nutritive and physicochemical properties of the food sample.51

Presently the use of HP in food processing (pretreatment) is an
issue of major importance for food pretreatment prior to drying
(food preparation) and preservation, since it uses pressure instead
of heat in its operation. Food processing by HP has been studied
by several researchers. These researchers have laid much empha-
sis on and paid specific attention to the biochemical, environmen-
tal, microbiological, technological and energy efficiency of the
process.51,52

The HP application obeys the isostatic principle whereby a uni-
form pressure is instantaneously applied throughout the food
sample (packed and unpacked) independent of the shape, com-
position and mass of the food sample (Fig. 5). The application of
HP technology is gradually gaining prominence worldwide in
the processing of a range of foods. It is used particularly in Japan
where it was originated, in the Unites States and some parts of
Europe. Its usage has been on the rise since 2000. In 2005, it was
estimated that there were around 82 commercial-scale high-
pressure food processing systems in use worldwide.54 According
to Danalache et al.,58 the influence of HP and heat treatment on
mango slices improved their storage life. The authors further
established that HP prolonged the shelf life of treated mango
compared to the untreated ones during 18 days of storage (see
Table 2). Yucel et al.59 studied the effect of HP pretreatment on
the enhancement of the drying rate and product quality of carrot,
apple, and green bean. The authors established that HP improved
the drying process, reduced the drying time and yielded a prod-
uct of higher quality. HP has been proven to be an effective tech-
nology for the improvement of the drying rate of many
agricultural crops including Aloe vera,53 strawberries,60 cocoyam,
sweet potato and carrot,61 Dorantes-Alvarez et al.,37 employed
HP at low temperature with less treatment periods to preserve
greater amount of bioactive compounds of dried pepper. They
further suggested that the combined influence of HP and the
treatment time resulted in the greater retention of the colour
properties of the dried pepper samples.

Limitation of HP pretreatment
The HP systems comply with Le Chatelier–Braun principle – a prin-
ciple that results in a reaction that causes reduction in the volume
of the food samples. Such reactions affect the structure of large
molecules (whose tertiary structure is vital for functionality), such
as proteins. HP stimulates interactions of covalent and non-
covalent bonds during food processing as a result of the pressure
and causes protein denaturation.56,62,63

Osmotic dehydration (OD) pretreatment
Influence and advantages of OD pretreatment technique on the
quality of agricultural products
OD is the exchange of water and solutes between the food mate-
rial and the osmotic solution as a result of difference in osmotic
pressure.64,124 It is the removal of water from the fruit or vegetable
to the osmotic solution and uptake of solute from the osmotic
solution through the semi-permeable membrane of the fruit
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Figure 2. Schematic diagram of ultrasound with probe type treatment.
1, Thermostaticwater bath; 2, samplepretreatment vessel; 3, thermometer;
4, probe-typed ultrasound; 5, ultrasonic generator.
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Figure 3. Schematic diagram of ultrasound with flat-typed treatment.
1, Thermostatic water bath; 2, flat-typed down ultrasound; 3, sample pre-
treatment vessel; 4, flat-typed up ultrasound; 5, thermometer; 6, ultrasonic
generators; 7, computer control system.
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due to difference in osmotic concentration between the fruit and
the solution.65

According to Chavan and Amarowicz,66 the advantages of OD
include:

• Minimization of the effects of temperature on the quality of
foods and preservation of the freshness of foods, since no high
temperature/phase change is involved

• Retention of colour and flavour leading to superior organolep-
tic properties, particularly when sucrose is the osmotic agent

• Increased resistance to heat treatment
• Simple and inexpensive process, and the energy use is two or
three times less than that of the conventional drying

• Prevention of enzymatic browning and inhibition of activities of
polyphenol oxidases

• Improvement of the texture and rehydration properties
• Elimination of the blanching process, thus reducing the cost of
processing

• Modification of food composition and improvement on taste
(candying effect) by the removal of acids and addition of sugar

• Decreasing the volume of the products, thereby reducing the
cost of processing, storage and transportation

• Preservation of food structure even after further drying.

Application of OD pretreatment
The application of OD pretreatment is another strategy to
improve the quality of agricultural products by inactivating
enzymes andmodifying the texture of their tissues preceding dry-
ing. Moreover, due to its chelating properties, some acids have
the ability to retain product colour.67 In general, OD is being used
as a pretreatment technique preceding further drying in order to
retain the functional, sensory and nutritional properties of food.68

Osmotic agents commonly used in the OD of foods include salt,
alcohol, sucrose, ethanol, calcium, corn syrup, fructose and their
combinations.69 The type of osmotic agents used sometimes
depends on the food materials. In most cases, sucrose is appropri-
ate for fruits while sodium chloride is suitable for vegetables and
other crops (spices and herbs).18,70 Recently Osae et al.,48 used
sucrose in OD pretreatment of ginger prior to drying and reported
a higher retention of physicochemical properties.
Mamatha et al.,71 assessed the influence of OD pretreatment of

broccoli, capsicum bell pepper and onion by using 0.01% of
sodium carbonate as osmotic agent for 5 min at a temperature
of 70 °C and reported that the application of OD enhanced the
level of ⊎-carotene to 85%. This increase was ascribed to the inac-
tivation of enzymes (PPO and POD) which are responsible for the
destruction of carotenoid. Magdalena and Marek,72 pretreated
carrot slices with sodium triphosphate for 4 min at a temperature
of 95 °C and revealed that the OD pretreatment significantly influ-
enced the quality and retained the antioxidant properties. Several
investigations have shown that OD pretreatment is the most
effective treatment for reducing browning (see Table 3).
Numerous researchers have applied the OD technique to assess

the quality properties of most dehydrated products andFigure 5. Principles of high pressure in food processing.

Figure 4. Ultrasonic waves and the cavitation phenomenon.
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established that OD pretreatment prior to drying enhanced the
preservation of bioactive compounds and other physicochemical
properties of the dried product. The application of OD has been
reported to reduce oxidation browning particularly in fruits and
vegetables.73,74 The OD pretreatment of spinach, Mustard, and
mint in potassiummetabisulfite solution for a brief period (1 min)
at a temperature of 95 °C resulted in preservation of the chloro-
phyll, ⊎-carotene, reduced browning with minimum change in
colour.75 The main OD pretreatment and their application condi-
tions are presented in Table 3. During OD pretreatment of agricul-
tural crops prior to drying, solid gain (SG), weight reduction
(WR) and water loss (WL) are some of the measured parameters.
According to kaur et al.75 solid gain usually occurs within 30 min
while water loss happens 2 h after the OD process.
The measure of water that is removed from the food sample

into the osmotic solution is defined as water loss. Sugar gain is
the amount of solutes uptake by the food substance from the
osmotic solution during OD. Weight reduction, however, is
explained as the difference initial and final weight of the food
sample before and after the OD process. The difference between
the solid gain water loss can also be defined as WR.76 Oladejo
et al.7 and Hamedi et al.77 used the equations below to calculate,
WR, SG and WL.

WL %ð Þ= w0−wtð Þ+ st−s0ð Þ
w0

×100 ð1Þ

SG %ð Þ= st−s0ð Þ
w0

×100 ð2Þ
where w0 and wt are the initial and final weights (in grams) of the
sample, respectively; s0 and st are the initial and final dry matter
(in g kg−1), respectively.

The WR was calculated according to Oladejo and Ma65 as the
difference between WL and SG:

WR %ð Þ=WL−SG ð3Þ

Osae et al.,78 reported that the application of OD preceding dry-
ing of ginger enhanced the drying rate and preserved the quality
of the dried ginger. Osae et al.,9 demonstrated that OD is an
appropriate pretreatment method for deactivating a high per-
centage of the POD and PPO enzymes. They reported that the
reduced POD and PPO activities in the ginger sample treated with
OD may be ascribed to lower oxidative stress on the ginger sur-
face due to the antioxidant ability of sucrose concentration.74 This
outcome was in agreement with Ma et al.,79 who stated that the
existence of sucrose and ascorbic acid effectively decreased the
POD activity in dried-cut cantaloupe melon and other vegetables.
Its application as a pretreatment, protects sensory properties and
produces food product with minor quality losses.80,81

Xu et al.,82 employed OD pretreatment in the dehydration of
radish slices and reported that the application of OD enhanced
mass transfer, conserved energy and reduced the processing
time. Prosapio and Norton,16 reported that the application of
OD pretreatment prior to oven and freeze drying lessened the
drying time and retained the bioactive compounds and the nutri-
tional properties of strawberry. Osae et al.,78 who worked on the
OD pretreatment of ginger prior to drying reported the preserva-
tion of a greater percentage of the phenolic compounds in the
dried ginger than the untreated samples. Similarly, García-Toledo
et al.83 also stated that OD pretreatment of Mexican ginger pre-
ceding hot air drying preserved the TFC and other chemical prop-
erties. Singla et al.84 and Azeez et al.,85 who worked on OD

Table 2. Studies on high pressure (HP) treatment used on agricultural crops

Product Conditions Results Reference

Mango 500 MPa for 120 and 240 s High pressure extended the shelf life of treatedmango than the untreated
mango bar during storage for 18 days

58

Spinach purée 200, 400 and 600 MPa for 5, 15 and
25 min at room temperature

Polyphenol oxidase (PPO) activity decreases when pressure increases. The
time has no effect

134

Watermelon 10, 20, and 30 MPa at 50 °C, for 5, 15,
30, 45 and 60 min

Browning degree decreased pressure and treatment time 135

Apple 600 MPa for 1–5 min at 22 °C The combined treatment significantly reduced residual PPO activity 61
Ginger 400 MPa for 5 min HP allows reducing PPO activity by 37%whereas thermal treatment (100 °

C, 10 min) reduces it by 10%
136

Lettuce 500 and 2500 lx The intensity of 2500 lx protected from browning and quality decay by
inhibiting browning-related enzyme activity

137

Green bean and
Carrot

100–300 MPa for 5–45 min at 20 and 35 °
C

Enhancement of the drying rate, reduced drying time and product quality 30

Aloe vera 350 MPa for 30 s Improvement of drying kinetics and retention of antioxidant properties 31
Cocoyam and
sweet potato

600 MPa for 5 and 30 min Preserved the physical characteristics, and enhanced the drying rate 33

Cherry tomato 0.1–400 MPa and at 5 and 25 °C for
30 min

Useful choice for removing residual pesticides 138

Walnut (300–600 MPa for 20 min) HP treated walnut showed better foaming properties and in vitro
digestibility

139

Rice 120, 240, 360, 480, and 600 MPa for
30 min

600 MPa for 30 min led to a complete gelatinization of rice starch granules 140

Banana 100–500 MPa, time (5–9 h) and
temperature (30–70 °C)

Reduced dehydration time and energy consumption 141
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pretreatment of mushroom and tomato stated that the pre-
treated samples with strong browning showed very high antioxi-
dant capacity than the untreated sample.

Limitation of OD pretreatment
Apart from the kind of osmotic agents, other factors that affect OD
of agricultural products (fruit and vegetables) are concentration,
temperature, time, the geometry of the food samples, agitation
level of the solution, pretreatments type and so on.

Concentration. Increased osmotic solution concentration leads to
an increase in water loss until equilibrium is reached, resulting
in an increase in weight reductions.78 Assis et al.,69 explained that
increase in mass transfer rate caused by the upsurge in osmotic
solution concentration is as a result of an increase in the osmotic
driving force between the surrounding solution and the sample.
Increase in concentration of osmotic solution can also lead to
deposit or uptake of the solute on the surface of the foodmaterial,
which enhances the dewatering effect and reduces nutrients
loss.4 However, increased solute uptake on the surface of the food

tissue can block the passage thereby making mass exchange
difficult.68

Temperature. According to Bahmani et al.,86 temperature is the
most imperative factor affecting the rate of mass transfer during
OD. Increase in temperature enhances the flow of water from
the food material to the solution and the uptake of solutes from
the solution to the food material because increase in temperature
reduces the osmotic solution viscosity and also reduces the mass
transfer between the surface and the solution.87 Higher tempera-
tures also cause plasticizing and swelling of cell membranes,
which enhance faster water loss.88

Agitation of osmotic solution. Agitation enhances themass transfer
during OD due to reduced resistance by avoiding localization of
the dilution process.66 Increase in agitation leads to an increase
in water loss, but low solid uptake. Agitation improves the contact
between the osmotic solution concentration and the sample sur-
face, thereby giving way for the difference in osmotic gradient.89

Table 3. Studies on osmotic dehydration (OD) treatment used in agricultural crops

Products Conditions Results References

Apple Phytic acid (0.08%) at room temperature (RT) Inhibition of the polyphenol oxidase (PPO)
(99.2%)

142

Ascorbic acid (0.3 mmol L−1) for 10 min Decrease in the browning 143
Kiwi 2% ascorbic acid +2% calcium chloride for RT/2 min Treatment effective at delaying

softening and browning
144

Watermelon 2% sodium chloride for RT Preservation of the firmness of fresh-cut tissue
throughout the storage

145

Pear 1-Methylcyclopropene (300 nL L−1) then 2% ascorbic acid + 0.01%
4-hexylresorcinol + 1% calcium chloride for 0 °C/24 h 4 °C/15 min

Browning and softening are delayed 146

Eggplant Calcium ascorbate or citrate (0.4%)
For 60 °C/1 min

Calcium ascorbate was the best
treatment to inactivate enzymes

147

Artichoke Ascorbic acid, citric acid, cysteine and their combination, ethanol,
sodium chloride, 4-hexylresorcinol for RT/1 min

Cysteine (0.5%) was the most
effective treatment to prevent browning

148

Longan fruit 0.01% Sodium chlorite for RT/10 min 0.01% is the optimal concentration to reduce
browning and PPO and peroxidase activities

149

Mushroom DETANO (2,20-(hydroxynitrosohydrazino)bisethnamine) at 0.5, 1 or
2 mmol L−1 for 20 °C/10 min

1 mmol L−1 of DETANO
is sufficient to
maintain a high level of firmness, to delay
browning

150

Rose flower Citric acid,; ascorbic acid, tartaric acid, and sucrose, Sucrose of different
concentrations namely 0.1%, 1% and 2% w/v) for 12 h at RT

Resulted in the highest monomeric
anthocyanins content and accelerate the
drying process

151

Ginger Sucrose 20% (w/v), at 30 °C and 30 min time Enhanced drying kinetics and quality
properties

57

Kiwifruit 61.5% sucrose solution equilibrated at 25 °C for a contact period of 0, 10,
20, 30, 60 and 120 min

Improved drying rate and reduced drying time 12

Sweet
potato

Sucrose concentration of 35% w/v at 30 min Enhancement the colour properties and of
mass transfer

7

Goji berry Glycerol (60% wt/wt), (20% wt/wt), ascorbic acid (2.0% wt/wt) and
sodium chloride (1.0% wt/wt) at a time duration up to 180 min and
55 °C

Improved mass transfer, lessen drying time
and quality

29

Yam Sucrose (0.75 and 1.25 mol L−1) at two durations (24 and 40 h) Preservation of quality properties 152
Red bell
pepper

Osmotic process duration (60–150 min), osmotic solution concentration
5% (w/w) to 20% (w/w), and osmotic solution temperature (30–60 °C),

Improvement in drying rate and quality
properties

153
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Processing time. The processing time during OD influences the
rate of mass transfer of water loss and solid gain.90 It was sug-
gested that one of the best ways to reduce solute uptake and to
increase the ratio of water loss to solid gain is to interrupt the
osmotic process at the early stage.89 Processing time during OD
helps to determine when the equilibrium water loss and equilib-
rium solid gain is reached. Studies have also shown that maxi-
mum mass exchange takes place at optimized time of the
first 2 h.66

Pulsed electric field (PEF)
Influence of PEF techniques on the quality of agricultural
products
Oms-Oliu,91 extensively investigated the influence of PEF pre-
treatment (frequency 50–250 Hz, field strength 25–35 kV cm−1,
treatment time 50–2050 μs and pulse width 1–7 μs) on water-
melon prior to dehydration. They established that the PEF treat-
ment preserved the lycopene retention, vitamin C, bioactive
compounds and other functional nutritional properties. They fur-
ther attributed the improvement of the bioactive compounds and
the functional properties of the watermelon to cell permeabiliza-
tion and intracellular pigments release as a result of PEF-induc-
tion. The increase in the intensities of PEF may be ascribed to
stress induction in the cells of the watermelon and successive pro-
duction of lycopene as secondary metabolite stimulating meta-
bolic activity.20 Moussa-Ayoub et al.,92 revealed that PEF
pretreatment of twist spine prickly pear was observed to maintain
the sensitive bioactive compounds such as antioxidant activity
and phenolic content. Several authors revealed that PEF was able
maintain the ascorbic acid, carotenoids and flavour compounds in
longan juice, orange juice and also preserved the vitamins.93,94

These outcomes are consistent with the findings of Odriozola-
Serrano et al.,95 who revealed that PEF pretreatment at a constant
field strength (35 kV cm−1), treatment time (1000 μs), frequency
of 232 Hz and a pulse width of 1 μs preserved greater percent-
ages (87% and 102%) of health-related compounds (vitamin C,
anthocyanins, and antioxidant capacity. Pertaining to earlier

results, Morales-De La Peña et al.,96 reported that, PEF treatment
of pineapple, orange, and kiwi with the treatment time of 800 or
1400 μs was observed not to be different from the same product
treated thermally at a temperature of 90 °C and a time of 60 s.
Moreover, during storage (60 days) period the antioxidant prop-
erties of the PEF-treated products were much more preserved
compared to the thermally-treated product.97 Isomerization and
oxidation that occurred during the thermal treatment resulted
in the degradation of antioxidants. According to Soliva-Fortuny
et al.,98 PEF treatment (0.008 kJ kg−1) of apple preceding drying
enhanced the TPC and TFC compared to the untreated apple
slices.

Application of PEF
PEF application is centred on pulses of high voltage (20–-
80 kV cm−1) which is usually positioned between a pair of elec-
trodes that restrain the treatment gap of the PEF chamber (see
Fig. 6).99 The application of PEF helps in microorganism inactiva-
tion, retention of flavour, nutritional and functional properties of
food product as a results of the limited heat intensities. The high
field intensities of PEF are obtained through saving a greater
amount of energy in a series of capacitors (capacitor bank) from
direct power supply. This is then released in the form of high volt-
age pulses. This pulse from the electrical energy pass through the
food material at a very reduced period of time and can be con-
ducted at a reasonable temperature for a time interval (>1 s).62

For the preservation of agricultural product with PEF, the objec-
tives of the electrical field strength is to enhance the extraction
yield of plant food metabolites where the PEF generally works in
a range 1–10 kV cm−1.100 PEF technology as a pretreatment
improves the extraction yield of various plant food including car-
rot, sugar beet, grapes and apple (see Table 4).47,101 According to
Ortega-Rivas and Salmerón-Ochoa,102 the application of PEF as a
pretreatment step for coconut processing enhanced the retention
of bioactive compounds compared to the untreated ones. They
emphasized that further studies should be conducted on PEF

Figure 6. Principles of pulse electric field in the food processing.
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pretreatment preceding drying of other crops to confirm its effect
on the bioactive compounds of other agricultural crops.
Previous works of Donsì et al.101 revealed that the application

of PEF pretreatment preceding drying of potato and rell bell
pepper shortened the dehydration time and enhanced the dry-
ing rate. Dermesonlouoglou et al.,103 employed PEF pretreat-
ment prior to drying of goji berries and reported of high
drying rate and shorter drying duration. Donsì et al.101 con-
firmed enhancement of mass transfer during PEF pretreatment
of carrot, pepper and other vegetables. Wiktor et al.104 and Jano-
sitz et al.105 established that the use of PEF as a pretreatment
prior to drying created pores in the tissues of apple and potato
samples which resulted in an improved mass transfer and less-
ened the dehydration time.
PEF is another NTP method that has the capacity to inactivate

enzymes during processing or pretreatments of agricultural prod-
ucts preceding drying. This pretreatment technique has been
reported to have less destructive effects on the quality and nutri-
tional properties of food products due to the non-existence of
heat.106 It has been reported to have the capacity to inactivate
enzymes and avoid Maillard reactions during food proces-
sing.41,107 According to Dermesonlouoglou et al.,103 the applica-
tion of PEF pretreatment prior to drying of goji berry enhanced
the higher retention of phenolic compounds and antioxidant
capacity of the dried samples compared to the untreated sam-
ples. Similarly, Ionică et al.,108 stated that the use of PEF pretreat-
ment led to higher preservation of TPC, TFC and antioxidant
properties of dried goji berry fruits than the fresh ones.

Limitation of PEF
The various factors that affect the effectiveness of PEF technology
include; cost, and design of equipment, suitability, characteristics
of food products, and improper processing conditions.109 Other
limitations that affect the commercial application of PEF are:

• The capital intensiveness of PEF operations which limits its
commercial application

• The persistence of spores and microorganism in food after pro-
cessing resulting in rapid food spoilage

• The economic and technical limitations of purchasing the PEF
equipment is limiting its usage in the food industries

• Only appropriate for liquids
• Scaling-up process may be difficult

ENVIRONMENTAL IMPACT OF NON-
THERMAL TECHNOLOGIES
The energy consumption and energy savings of NTP techniques
in the food industry have been one of the objective for the last
30 years. The NTP techniques (OD, HP, US and PEF) are continu-
ously being evaluated as means of reducing energy consumption
during processing, increasing reliability, improving productivity,
and reducing emissions, resulting in products of higher qual-
ity.110,111 Subsequently, these techniques have less effect on the
environment. However, for many of the emerging technologies,
that kind of information is still scarce or non-existent in published
literature. Actual technology performance will depend on the

Table 4. Studies on pulsed electric field (PEF) treatment used in agricultural crops

Material Conditions Main results Reference

Mushroom 4.8,12 and 28 J cm−2 The use of high pulsed light (12 and 28 J cm2) promoted enzymatic
browning by an increase in polyphenol oxidase (PPO) activity

154

orange 3 and 10 kVcm−1 The application of high electric field strength on orange peels enhanced
the extraction of polyphenols up to 22 mg GAE g−1 dry matter

155

Apple (PEF, 0.008–1.3 kJ kg−1) at different
temperatures (4 and 22 °C)

The mildest PEF treatment (0.008 kJ kg−1) produced the maximum
increases of total phenolics (13%) and flavan-3-ol (92%) contents in
apples stored during 24 h at 22 °C, while it was observed at 4 °C for
flavonoids (58%)

100

Tomato (PEF) treatment was carried out using an
NP110-60 system with an output voltage of
3.8 kV

Results showed that PEF and heating induced permeabilization of cell
membranes in the tomato fractions

156

Goji berry 0.9–2.8 kV cm−1, up to 7500 pulses) Improved colour, retention of antioxidant activity and total phenolic
content

29

Red
Cabbage

PEF (2.5 kV cm−1 electric field strength; 15 μs
pulse width and 50 pulses, specific energy
15.63 J g−1)

Enhanced total anthocyanin extraction 157

Carrot PEF (0.1–1 kV cm−1) and frequency (5–75 Hz)
during PEF

Improved carotenoids extraction 158

Tomato
waste

3–7 kV cm−1 and 0–300 μs Improved carotenoid extraction from tomato peel 159

Waxy rice
starch

(PEF) treatment at intensity of 30, 40 and
50 kV cm−1

PEF treatment induced structural changes in waxy rice starch
significantly affected its digestibility

160

Potato
peels

0.75 kV cm−1 and 600 μs of treatment time Enhanced the extraction of potato peel steroidal alkaloids. 161

Borage
leaves

PEF (0–5 kV cm−1) Improvement of the aqueous extraction of polyphenols and antioxidant
compounds from borage leaves

162
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facility, the application of the technology, and the existing
production equipment with which the new technology is
integrated.47

Many efforts have been dedicated to developing a sustainable
industry. Reduction in the use of non-renewable energy resources
lowers the emission of air pollutants such as carbon dioxide (CO2),
and an increase of the energy efficiency of devices is now a main
worry for all processors. Moreover, if the electricity is generated
by an environmentally clean, renewable energy source
(e.g. hydroelectric power), then these processes will effectively
contribute to reducing the pollution load, and help to preserve
the environment. Furthermore, the NTP techniques such as HP
for high pressure and PEF have been reported to reduce the utili-
zation of cooling systems which often consume approximately
50% of the total electrical energy and are also responsible for pol-
lutant emissions.29,112

RECENT DEVELOPMENT IN NTP METHODS
The combination of several NTPmethods will enhance the protec-
tion of agricultural crops against deterioration by enzymes.113

Osmosonication pretreatment is defined as the combined impact
of US and OD.78 This pretreatment technique has been estab-
lished to retain phenolic compounds and inactivate quality-
deteriorating enzymes. According to Osae et al.48 the combined
effect of US with OD significantly resulted in the high effective-
ness of enzyme inactivation (PPO and POD) during ginger pre-
treatment (processing) preceding drying. Dehghannya et al.114

and Amami et al.115 showed that osmosonication pretreatment
of strawberry and mirabelle plum prior to drying enhanced the
mass transfer, improved the textural properties and preserved
the antioxidants and bioactive compounds of the final product.
Amami et al.,115 reported that the application of osmosonication
hastens the creation of free radical species and enhanced pheno-
lic compounds polymerization. According to Hamedi et al.,77 the
highest preservation of TFC and TPC recorded during osmosoni-
cation pretreatment of pomegranate peel may be attributed to
the combined influence of US and OD which caused rapid and
high tissue softening and improved greater mass transfer leading
to the decrease in the drying duration and retention of TFC.
Thermosonication is defined as the combined influence of ultra-

sound frequency and heat (temperature). Zhang et al.44 also
stated that the impact of US and temperature (thermosonication)
enhanced PPO and POD enzymes during lettuce processing.
Cheng et al.,116 investigated the impact of thermosonication
and thermal treatment on the inactivation kinetics of PPO in
mushroom. They revealed that the synergistic effect of the US
and temperature enhanced the inactivation kinetics of the PPO
more rapidly than the thermal pretreatment. Xin et al.,117 estab-
lished that the best optimized and suitable procedure or condi-
tions for inactivation of POD and retention of colour in argy
wormwood leaves via thermosonication are the temperature of
85 °C, ultrasonic intensity of 11.94 W cm−2 and time of 60 s. Fur-
thermore, Cao et al.,41 reported that thermosonication treatment
of bayberry enhanced the inactivation of enzymes (PPO and
POD), TPC and colour properties.
Manosonication is the synergistic effect of US and high pres-

sure.118 Tchabo et al.,119 explored the influence of manosonica-
tion treatment on the antioxidant properties and phenolic
profile of Mulberry wine. Their results revealed that manosonica-
tion treatment retained greater amount of anthocyanin content,
TFC, phenolic compounds and antioxidant properties. Previous

works of Engmann et al.120 confirmed that manosonication treat-
ment reduces deterioration of pathogens in orange, apple and
black mulberry juices as well as inactivation of PPO and POD
enzymes. However, to accomplish the highest combined effect,
it is significant and critical to assess the pressure level during
processing.
Pulsed-high pressure (PEF + HP) is the combined influence of

PEF and HP. Kaushik et al.,121 studied the synergistic effect of
PEF and HP on the inactivation enzymes in litchi juice and
revealed that the pulsed-high pressure enhanced the inactivation
of POD and PPO enzymes. Nuñez-Mancilla et al.60 and Pérez-Won
et al.122 established that the application of high pressures com-
bined with OD pretreatment of strawberry and red abalone pre-
ceding drying resulted in an improvement in mass transfer,
higher drying rate, reduction of the drying period and energy
consumption.
Zhang et al.,123 studied the synergistic effects of ultrahigh pres-

sure and US pretreatments on properties of strawberry chips pre-
pared by vacuum-freeze drying and reported that the combined
influence of ultrahigh pressure and US reduced the drying dura-
tion, energy consumption rate, improved the retention of antiox-
idation, and the overall quality of dried strawberry.

CONCLUSIONS AND FUTURE TRENDS
The use of NTP techniques in the food processing industry holds
high prospects for producing and developing high-quality prod-
ucts. Present knowledge shows that treatment of agricultural
products at high temperature usually affects and alters the levels
of nutritional components and other bioactive compounds. The
phenomenon bywhich bioactive compounds degrade or damage
is complex, perplexing and numerous. Making sure food is safe
and at the same time meeting the demand for quality and nutri-
tious foods has led to higher interest in NTP techniques. These
techniques demonstrate a fast, reliable and efficient alternative
to enhancing the quality of agricultural product. It also has the
prospective of developing new products with distinctive func-
tionality. In general, these processing techniques can minimize
the adverse effects of conventional processing on the levels of
bioactive compounds, nutritional, pharmacological and phyto-
chemical properties of agricultural products. There is an increased
interest in application of these novel pretreatment techniques to
improving the drying of various agricultural products and preserv-
ing their nutritional and physicochemical properties as well as the
quality of the finished products.
However, the potential of these technologies have not been

fully investigated for other agricultural products. Therefore,
understanding the NTP processing mechanism in terms of the
physical and chemical activities as well as functional properties
on agricultural products would also contribute to and highlight
the existence of their applications.
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