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ABSTRACT

Tomatoes are a highly popular vegetable known for their nutritional and health benefits. Their high initial
moisture content makes them susceptible to postharvest deterioration, necessitating preservation
techniques. 80% of global tomato production is processed into value-added products such as ketchup,
powders, sauces, and juices. This article reviews recent tomato processing research focusing on drying
techniques. Drying techniques, such as solar and open sun, hot air, microwave, heat pump, fluidized bed,
infra-red, osmotic dehydration, freeze-drying, and spray-drying, have been developed and used to reduce
losses, preserve tomatoes, and maintain their nutritional quality. The quality of the dried tomato products
is evaluated based on parameters such as colour, nutritional content, texture, and rehydration ratio. This
review discusses the various drying techniques and the influence of processing conditions on the
nutritional content and colour of the final product. The review provides valuable insights into the
potential of different drying techniques for tomato processing and offers suggestions for improving
tomato preservation and processing technologies.
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INTRODUCTION

Tomatoes (Lycopersicon esculentum) are second
to potatoes, as the world's most-produced and
consumed vegetable crop, with an estimated
global production of 186.821 million metric tons
in 2020 (FAOSTAT, 2021). China is the leading
producer of tomatoes with an estimated annual
production of 64.768 million T, equivalent to
34.67% of the world's total production on 1.11
million ha of land. India is the second largest
producer of tomatoes, with an estimated 20.573
million Tons produced on 0.81 million ha of land.

Turkey was ranked third with a total production
estimate of 13.204 million T cultivated on
approximately 0.18 million ha of land. Other top
tomato producing countries are the USA, Egypt,
Italy, Iran, Spain, Mexico, Brazil, and Nigeria, as
presented in Table 1 (FAOSTAT, 2021). are
characterized as one of the most popular
vegetables owing to their numerous nutritional
and health benefits. Tomato is a rich source of
minerals, proteins, vitamins, essential amino
acids (leucine, threonine, arginine valine, lysine,
histidine), monounsaturated fatty acids (linoleic
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and linolenic acids), carotenoids (lycopene and f3-
carotenoids) and phytosterols (B-sitosterol,
campesterol, and stigmasterol), details presented
in Table 2 (Ali et al., 2021). Recommended diet
of tomatoes reduces the risk of possible
deficiencies and helps maintain a healthy
lifestyle. Tomatoes are associated with reduced
risk of cancer, cardiovascular and chronic
diseases, and recently improved skin, brain, and
bone health (Burton-Freeman and Reimers,
2011). Fruits can be eaten fresh as salads or
processed into other forms. 80% of global
production goes into processing for value-added
products such as tomato powders, ketchup,
sauces, and juices. Ways to preserve tomatoes
include canning, drying, and processing (Comfort
etal., 2019).

After harvest, tomatoes have a high initial
moisture content (>90%), which makes them
susceptible to postharvest deterioration (Nikita et
al., 2021). Posts-harvest techniques are necessary
to keep the commodity fresh and retain its
nutritional quality after harvest. Storage
techniques available worldwide require low
temperatures to preserve this fresh commodity
(Sagar and Kumar, 2010), however, higher cost
and lack of availability locally is a major
limitation. Because of this, different drying
techniques have been developed and successfully
used as an alternative means to reduce losses, to
preserve the commodity, and reduce shipping
volume and weight while maintaining its inherent
quality.

Table 1 Major tomato growing countries in the world (2020) estimates

Major tomato growing countries in the world (2020)

Country Production (million tons) Area (million ha) Yield (ton/ ha)
China 64.768 1.11 58.4
India 20.573 0.81 25.3
Turkey 13.204 0.18 72.6
USA 12.227 0.11 110.7
Egypt 6.731 0.17 39.4
Italy 6.247 0.10 62.6
Iran 5.787 0.13 44.8
Spain 4.312 0.06 77.8
Mexico 4.137 0.08 48.7
Brazil 3.753 0.05 72.2
Nigeria 3.693 0.84 4.4

Source: FAOSTAT 2021

Drying both tomatoes and tomato processing
wastes can Yyield valuable products. Dried
tomatoes can be served as raw materials for
various commercial products and as ingredients
for different functional foods. The global sun-
dried tomatoes market was valued at
approximately USD 15,915.2 million in 2021 and
is expected to rise to USD 19,994.6 million by
2030 at a CAGR of 2.6% during this forecast
period (Laura, 2022). Dried forms of tomatoes
have a large demand in culinary activities.
Tomato waste is also an integral part of fertilizers
and livestock feeds. Tomato powders can be used
as a thickening agent in the production of ketchup
(Silva et al., 2019; Belovi¢ et al., 2018). Studies
indicate dried tomatoes as potential ingredients
for developing functional foods, e.g., high

lycopene powders are used for food colouring
and antioxidant agents (Lavelli and Torresani,
2011). Tomato powder to bread formulation is a
source of hydrocolloid and lysine (Majzoobi et
al., 2011).

Moreover, Chin (2020) found that adding tomato
to sausage increases its anti-microbial and
antioxidant properties and shelf life extension.
The use of dried tomato in sausage also increases
its water absorption capacity. It improves its
sensory properties. Producing dried forms with
high-quality attributes similar to fresh tomatoes
in appearance, texture, nutritional content,
flavour, and reconstitution properties is a major
challenge (Nikita et al., 2021).
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Table 2 Nutritional composition of fresh tomato fruits

29

Parameter Concentration Range
Moisture % 91.18 +6.83 68.03 - 96.17
Energy (kcal/100g) 34.67 +18.74 18.00 -75.00
Protein (g/100g) 17.71£5.40 10.50 - 25.03
Fat (g/100g) 496 +1.19 3.63-5.39
Carbohydrates (g/100g) 5.96 +1.37 3.92-8.00
Total sugar (g/100g) 50.60 * 3.69 47.00 - 56.48
Ash (g/100g) 8.75+1.69 5.90 - 10.60
Total fiber (g/100 g) 1144 +£9.31 1.32-19.36
[-carotene (ug/100 g) 9942.16 + 264.74 3677.42-10,206.90
Lycopene (1g/100 g) 8002.50 + 243.54 5020.00-11,110.00
Vitamin A (1U/100 g) 614.44 + 248.18 267.33-833.00
Potassium (mg/100 g) 403.02 + 254.41 16.63-1097.00
Calcium (mg/100 g) 105.21 + 22.76 48.47-162.0
Phosphorus (mg/100 g) 300.99 + 32.12 173.00-379.31
Iron (mg/100 g) 455+2.18 1.50-6.45
Sodium (mg/100 g) 70.38 + 12.20 56.90-80.65
Ascobic acid (mg/100 g) 36.16 + 29.64 10.86-85.00
Linoleic acid (g/100g) 49.40 £ 4.16 46.33-54.10
Linolenic acid (g/100g) 10.17 £ 4.46 4.26-15.53
B-sitosterol (mg/kg) 720.00 + 175.64 520.00-1000.00
Stigmasterol (mg/kg) 387.50 + 88.71 260.00-510.00
Campesterol (mg/kg) 147.50 £ 31.13 100.00-18.00
Threonine (g/100g) 1.37+£0.97 0.40-2.34
Valine (g/100g) 2.49 £2.09 0.40-2.49
Methionine (g/100g) 0.57£0.45 0.12-1.02
Isoleucine (g/100g) 213+1.73 0.40-3.86
Leucine (g/100g) 2.80+2.28 0.52-5.07
Phenylalanine (g/100g) 1.77+1.36 0.41-13.12
Histidine (g/100g) 193+1.71 0.22-3.64
Lysine (g/100g) 2.45+1.95 0.50-4.40
Arginine (g/100g) 2.33+2.02 0.31-4.34

Preparation of tomatoes for processing involves
the following few steps: separating tomatoes
from green, unfit ones, and other materials,
followed by grading according to size, and
washing to get rid of pesticide residue, surface
microbes, dirt, insects, and larvae. The tomatoes
are soaked at 54°C for 3 minutes for the purpose
loosen any adhered particles on the surface of the
tomato before washing. Soaking is performed in
flumes and adding wetting agents, lye solution,
detergents, or caustic soda, followed by rinsing.
The final step is trimming (Gould, 2013). steps
are generally used for tomato processing. For
drying purposes, tomatoes could be sliced,
halved, quartered, or chopped to a desired shape

and blanched before drying, depending on the
drying technique.

Drying of tomatoes is achieved via various
methods, which include but are not limited to
solar and open sun, hot-air, microwave, heat
pump, fluidized bed, infra-red, osmotic
dehydration, freeze drying, spray drying as
reported (Ashebir et al., 2009, Chawla et al.,
2008, Correa-Filho et al., 2019).

Evaluation Parameters of Tomato Drying
Drying systems are generally evaluated based on
the final product's quality and the economic
implications of the drying process.

1. Quality attributes of Tomatoes
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a) Colour

Colour is the human perception of light waves
reflected from the surface of any material. is the
first noticeable characteristic of food (Rajkumar,
2007). considering drying, colour changes can
easily be noticed, as seen in tomatoes, which
usually lose brightness during drying, making it
unappealing. Colour is usually defined by a 3-
dimensional colour space, i.e., L*, b* anda*.
bright-coloured product will have a higher value
of L* and minimum AE. Colour can also be
measured in terms of Chroma value C and a hue
value representing the intensity and the browning
level, respectively (Abano et al., 2012). Changes
usually occur due to non-enzymatic browning
(milliard reactions), loss in pigments, or
hydrolysis of sugar (Jorge et al., 2018). et al.
(2018) observed a decrease in colour intensity, a
decrease in brightness L*, and a decrease in
chroma value as drying temperature increased
when cherry tomato was dried at different
temperatures (60°C, 65°C, and 70°C. Similarly,
oven drying caused more colour changes in dried
samples compared to freeze drying (Jorge et al.,
2018). In microwave and infra-red drying, change
in colour increase with an increase in the
microwave and infra-red power (Izlii and Isik,
2015; Celen and Kahveci, 2013; Kocabiyik et al.,
2014). Shorter process time reduced colour
changes in dried samples even at high
temperatures of 70°C (Dorouzi et al. 2018).

b) Nutritional content

Tomatoes are vegetables endowed with
numerous nutrients, among which lycopene, [-
carotene, ascorbic acid, phenolic content,
flavonoids, and antioxidants have gained wide
interest in the research world. It is the principal
unsaturated pigment, giving Colour to tomatoes.
It acts as an antioxidant, antimutagenic, and
anticarcinogenic agent (Pfander, 1992). Drying
lycopene content presents a dual nature, and it

increases in some drying methods and decreases
with other drying methods. The lycopene content
of tomatoes is mainly influenced by moisture,
temperature, drying time, and the presence of
oxygen (Nikita et al., 2021). It is well known for
its provitamin A activity. Lycopene is also
observed to increase in some drying methods and
decrease in others. et al. (2013) observed that
tomato beta-carotene degradation increases with
temperature. Acid is the most heat-sensitive
compound that can be used as an indicator in
processing. Drying methods have led to a
complete loss of ascorbic acid as the degradation
rate becomes higher when products are exposed
to a higher temperature for a long period in the
presence of oxygen (Nikita et al., 2021).
Moreover, phenolic contents in tomatoes improve
their antioxidant capacity. The increase or
retention of these compounds is mainly governed
by treatment temperature, duration, and
availability of air.

c) Texture

Fresh tomato texture is different from dry tomato
texture. There is limited available literature on the
textural properties of dried tomatoes. Texture
arises due to changes in the microstructure on
drying. Cell walls, case hardening, and tissue
collapsing lead to the changes observed (Joshi et
al., 2008, 2009) studied the effect of different
drying methods on the texture of dried tomatoes.
It was observed that osmotic pretreatment softens
the tissues. Air-dried samples had the lowest
firmness, followed by hot air-dried, vacuum, and
then the fresh ones, which had the highest
firmness. The texture profile of tomatoes dried
under varying temperatures shows that slices
dried at 60°C gave a superior texture profile
regarding masticability, hardness, and crispness,
as shown in Figurel (Moreno and Diaz-Moreno,
2017).
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Figure 1 Microphotographs of the dehydrated tomato pulp at 50, 60, and 70°C.ase studies of texture should
be provided (Moreno and Diaz-Moreno, 2017).

d) Rehydration ratio take soaking in warm water. The rehydration ratio
A high rehydration ratio is one of the most tends to decrease as drying proceeds. The
desirable properties of dried products. It shows rehydration ratio of dried slices increases with
how many water molecules the dried product can increased  temperature  (Sacilik,  2007).
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rehydration ratio is determined using the Peleg
model, as Horuz et al. (2017) mentioned. The
rehydration ratio of solar cabinet-dried tomato
slices was higher than that of open sun-dried
samples (Rajkumar, 2007).

2. Economic attributes of Tomatoes

Drying is one of the most energy-consuming unit
operations involved in food processing. In
determining a particular drying method to
manufacture dried tomatoes in an economically
feasible way. Equal consideration is given to the

energy consumed and the quality of the final
product desired. Orvos et al. (2014) developed an
equation to determine the energy consumption
required for drying tomato slices. Transfer
coefficient was used to determine the energy
demand for conventional drying of tomato halves
(Figure2). Efforts have been made towards
reducing the energy consumed during tomato
drying. Pump dryers reduce energy consumption
by as much as 40-50%. It is also observed to
consume less energy in drying tomatoes
(Kocabiyik et al., 2014).
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Figure 2: Thermal power demand and heat transfer coefficient vs. drying time for convectional

drying of halved tomatoes

4. Tomato Drying Techniques

a) Sun and solar drying

Open Sun drying (Figure 3) is the oldest drying
technique available for tomatoes and other
agricultural products. To be dried, it is spread
directly on the ground or into thin layers of mat,
tray, or concrete floor, exposing the tomato
halves to open sun and wind. Temperature varies
between 25-60°C, relative humidity between 24-
65%, and time required to reduce moisture below
15% wet basis, varies from 3-20 days (Rajkumar
et al., 2007) depending on initial moisture
content, external drying condition, and variety of
cultivar. However, exposure to sunlight for a long
period causes loss of important nutrients such as
lycopene, B-carotene, phenolic contents, ascorbic

acid, and poor colour preservation. Defects
associated with open Sun drying of tomatoes
include spoilage due to microorganisms' growth
and non-uniform drying (Abhay et al., 2020).
Generally, the minimum water activity aw at
which microorganisms can grow is 0.60 however,
aw of dried tomatoes is generally at 0.70 (Barta,
2006). Due to this, some microorganisms
including food-borne pathogens in the form of
fungi and bacteria can survive open sun drying of
tomatoes, which could lead to food-borne
outbreaks (Beuchat et al., 2013). To eliminate
some of these defects associated with open sun
drying researchers have developed several
alternative methods of drying tomatoes using
solar energy like the one shown in Fig. 4.
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Figure 3. Sun drying of tomato halves
Source: FAO (2019)

33

Figure 4: Forced convection indirect solar dryer setup
Source: Abhay et al. (2020)

Solar cabinet drying (Okaiyeto et al., 2020), solar
tunnel drying (Sacilik, 2007), concentrator-based
solar drying (Ringeisen et al., 2014), fabricated
solar dryer (Mohsen et al., 2019), solar hybrid
dryers (Reyes et al., 2014), and vacuum-assisted
solar drying (Rajkumar, 2007) are a few

alternatives to open sun drying. These newer
techniques greatly reduce the time required to dry
tomatoes considerably. Okaiyeto et al. (2020)
found that cabinet drying reduced drying time by
approximately 50%, and tunnel drying reduced
total drying time by a day (Sacilik, 2007). The use
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of concentrators and solar dryers reduce drying
time by 21% (Ringeisen et al., 2014). A 56%
reduction in total drying time was obtained using
solar-fabricated dryers compared to open sun-
dried tomatoes. In contrast, hybrid dryers reduced
drying time by six days. The reduction in drying
time depends on atmospheric conditions and is
subject to variation. With newer technigues, solar
dyers generally produce inferior-quality dried
samples compared to other drying methods. The
rehydration ratio of solar cabinet-dried samples
was lesser than those dried by microwave,
vacuum, and heat pump dryers (Gaware et al.,
2010).

However, sun-dried tomato powder was superior
to oven-dried samples regarding vitamin content
retention (Adenike, 2012). Drying is one of the
most inexpensive methods of drying tomatoes
and processing waste (Allison et al., 2016). Solar
drying techniques that could be used to dry
tomatoes with the potential of giving rich
dividends and premium quality products include
the application of innovative solar conduction
dryers (Chavan et al., 2020).

Hot air drying (HAD)

HAD is a commonly used method for drying
tomatoes in the commercial industry. Tomatoes
using these techniques have been widely explored
for their effect on drying kinetics and the quality
of the dried products. In this process, heat is
transferred to the tomato surface by convection.
Heat is then transferred to the interior through the
surface, which causes the internal moisture of the
fruit to diffuse to the surface and spread into a gas
phase. Figure 2 shows a typical setup of a hot air-
drying system. The driving force for heat transfer
is the temperature difference, while mass transfer

occurs due to the difference in vapour partial
pressure between the drying air and the material.
In hot air, it is achieved at temperatures above
55°C. The drying rate has been found to increase
with an increase in air velocity and temperature.
To Santos-Sanchez et al. (2012), the temperature
has a greater (88.47%) impact on the drying rate
than velocity (4.6%) when tomatoes were dried in
a rotating tray. The velocity and temperature and
reducing the size shorten the total process time.
However, this has detrimental effects on the
quality of the dried tomatoes. At elevated
temperatures, ascorbic acid is lost drastically
(Jorge et al., 2018). et al. (2013) found that
75.12% ascorbic acid was lost when tomato was
dried at 60°C for 9 hours. Toor and Savage (2006)
observed that 30% and 28-38% of the total
phenolic content and antioxidant activity were
lost when the tomato was dried at 42°C for 18
hours. The rehydration ratio is also reduced when
hot air is used in drying tomato slices (Gaware et
al., 2010). Akanbi et al. (2006) observed that
large shrinkage and tissue hardening occurred
when dried at 60 and 70°C for 10 hours. However,
these effects were negligible when dried at 450C
for 16 hours. Colour is another physical
characteristic affected, as high temperatures lead
to non-enzymatic browning (Ashebir et al.,
2009). Abano et al. (2011) observed a total loss
in compounds responsible for the flavour of
tomatoes on drying. A possible way to improve
product quality is by using hot air drying and
other techniques. Rotation of trays while drying
has proved useful in minimizing loss in ascorbic
acid, total phenolic content, and lycopene
content. Similarly, Fernades et al. (2016)
observed that ultrasound-assisted was useful in
reducing total drying time and preserving vitamin
E content.
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Figure 4. Hot air dryer (HAD) set up for tomato dehydration

Source: Gaware et al. (2010).

Microwave drying

The last two decades have witnessed a
tremendous increase in the use of microwave
technology in the food processing industry.
Microwave drying uses electromagnetic radiation
(915 2450 MHz) for heating the product.
Microwave heating is known to reduce total
drying time to a large extent. Askari et al. (2009)
observed a reduction in drying time by 26%
compared to hot air drying. The microwave
power greatly influences the drying time.
Increasing the microwave power from 120 to 180
w reduced the total drying time by 46.4% (lzli
and Isik, 2015). However, tissue structure
destruction occurs at a microwave power of 500
w and above due to a high vapour pressure
gradient between the internal and external
structures. It was found that microwave power
below 360 w vyields higher L* & a* and lower
hue angle, which are highly desirable qualities of
dried tomatoes (Celen and Kahveci, 2013).

Similarly, Microwave power of as low as 90 W
yields products resembling fresh ones in
appearance and chemical properties. Exposing
the products to the same power supply at the later
part of drying, when there is less water in the
products, results in non-uniformity and
unnecessary burning, leading to products with
poor quality in terms of colour uniformity,
rehydration capacity and textural attributes.
However, applying a vacuum within the pressure
range of 0.04-0.06 MPa while drying in the
microwave was observed to resolve these issues,
even when the microwave power was increased
to 700W Abano et al. (2012). Figure3 is a
schematic diagram of a laboratory microwave
vacuum dryer. An artificial neural network could
predict the optimum temperature and power
ranges required for drying tomatoes with minimal
thermal damage (Poonnoy et al., 2007).
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Figure 5 Schematic diagram of laboratory microwave vacuum dryer MVD

Source: Gaware et al. (2010)

Fluidized bed drying

Fluidized bed drying has only been successfully
used to dry tomato processing waste. It involves
placing materials to be dried on trays; the hot air
at critical velocity is used to maintain the material
in a fluidized state (Figure 4). The Drying time of
tomatoes was shorter than that of hot air drying at
a given temperature. It was also found that it is
more efficient in drying tomato pulp and retained

more lycopene than cabinet and tray drying
(Chawla et al., 2008). Similarly, a fluidized bed
produces dry fruit particles of improved quality
with improved rehydration ratio and qualities
than in continuous belt-driers (Bauman and
Ukrainczyk 2005). However, more degradation
of lycopene, PB-carotene, and ascorbic was
observed due to oxidation due to excess air used
to achieve fluidization (Albanese et al., 2014).
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Heat pump drying (HPD)

A heat pump works on the refrigeration principle
by cooling a stream of air, thereby condensing the
water (Krishna & Abhijit, 2012). The basic
principle of operation is depicted in Figure 4. It is
a low-temperature process operated from -20°C
to 70 °C, so it is a more energy-efficient
technology (Jangam et al., 2008). Using this type
of dryer makes higher retention of heat-labile
compounds possible. Aware and Thorat (2011)
reported that retention of allicin using HPD was
better than other thermal drying methods. HAD

has the advantage of lower energy consumption;
a 40-50% reduction in energy consumed was
obtained by Queiroz et al. (2004), who also found
that dried tomato qualities were comparable to
fresh ones. Gaware et al. (2010) observed the
rehydration ratio of HPD-dried tomatoes to be
higher than that of hot air and solar cabinet-dried
samples. Similarly, the flavour profile of HPD-
dried samples indicates retention of fresh aroma,
comparable with that of freeze-dried and fresh
samples (Jeyaprakash et al., 2016).
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Infrared drying

Infrared radiation has become the best alternative
for drying perishable commodities (Doymaz,
2012). An infrared dryer exposes the material to
a high beam of infrared radiation. Here, the
radiations penetrate the exposed material's inner
part, raising the internal temperature rapidly
(Hebbar and Rostagi, 2001). An experimental
setup for short infrared drying of sliced tomatoes
is given in Figure 5 (Kocabiyik et al. 2015). It
offers a significant advantage to agriculture
products over traditional dryers. The Lycopene
content of the dried tomato was reported to

300-500W

increase while the B-carotene and the ascorbic
acid were reduced on drying (Kocabiyik et al.,
2014). A 29-364% increase in lycopene content
was observed, while loss of vitamin C and B-
carotene was as high as 51%. Similarly,
Kocabiyik et al. (2016) observed a 207-337%
higher lycopene content and a 3-51% total loss in
ascorbic acid when tomato slices were dried in an
Infrared dryer. The use of infrared in drying
tomatoes is mostly in combination with other
drying technigques rather than using it alone
(Nikita et al., 2021).

AC ariac

Infrared emitter

Drying chamber

Sample 1.5-2.0m/s
Air outlet g‘ S e e s S — ¥ iniet
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Figure 8 Experimental setup of the infrared dryer
Source: Kocabiyik et al. (2014).
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Osmotic dehydration

Osmotic dehydration is characterized as a partial
drying technique mostly used for pretreatment. In
Osmotic rehydration, products to be dried are
immersed in a hypertonic solution to suck out
water from tissues by osmosis, as shown in
Figure 6. Common osmotic agents used are salts
and sugars due to their high osmotic power.
Water loss increases as solute concentration
increases (Souza et al., 2007; Escher et al., 2018).
Osmotic pretreatment positively affects dried
product quality as it affects physical and chemical
properties. However, the osmotic agents
determine the drying rate and final product
guality. Tonon et al. (2007) discovered salt to

Hypertonic solution

Tomato

39

cause more water loss than sucrose due to higher
water-lowering capacity. Osmotic pretreatment
reduces the drying time of the further process.
Brooks et al. (2008) observed osmotic treated
tomato slices having a higher drying rate than
untreated samples. Osmotic pretreatment also
positively affects the products' physical and
chemical properties. The B-carotene and lycopene
content of osmotically dehydrated tomatoes is
higher than that of fresh ones (Goula and
Lazarides, 2012). Osmotic pretreatment can
further be enhanced by ultrasound treatment and
pulsed vacuum treatment. Ultrasound and
vacuum treatments aid in faster mass transfer
(Corréa et al., 2015; Corréa, 2016).

Water

Osmotic agent

Natural soluble (Organic
acids, saccharides, salts,
minerals etc.)

Figure 9. Mass transfer in fruits or vegetables during osmotic dehydration.

Source: Ramya and Jain (2016)

Freeze drying

Freeze drying was introduced to prevent the loss
of heat-sensitive nutrients. Here, the operating
temperature is below the freezing point of water
as opposed to other drying methods. The tomato
slices are dried below the freezing point of water,
and the frozen water then sublimes out on
applying  appropriate  pressure.  However,
temperature is observed to play a major role in
final product quality. Freeze drying is best for its
minimal effect on Color, phenolic contents, and
antioxidant capacity. Gimisay et al. (2015)
found freeze-drying ideal for preserving phenolic
acids and antioxidant activity. One of the major
limitations to freeze-drying is the economic
aspect involved in freezing the products coupled

with the long process time Tan et al. (2021).
Hydroxymethyl furfural, a very harmful chemical
harmful to human health, is formed as a
byproduct of freeze drying (Jorge et al., 2018).
Freeze drying also leads to poor structural
qualities of dried tomatoes, which results from
large ice crystal formation. However, this can be
prevented by restricting the temperature between
the product collapse temperature and the glass
transition temperature (Lopez-Quiroga et al.,
2020). Unlike other methods, lycopene content
decreased due to low temperatures (Bilek et al.,
2019). This loss can be reduced by the
introduction of vacuum pretreatment together
with individual quick freezing (Tan et al., 2021).
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Figure 10. Schematic diagram of freeze dryer

Source: Gaware et al., (2010)

Spray drying

Spray-drying encapsulation is a common
technology for producing powders from
tomatoes. These powders are integral to ketchup,
pigments, bread, sausages, and dough (Nikita et
al., 2021). Spray drying involves atomizing
liquid feed into fine droplets; mixing these spray
droplets with a heated gas stream allows the
liquid to evaporate, leaving behind dried solids.
Finally, the powder is separated from the gas
stream and collected. Due to its high sugar
content, tomato pulp has a low glass transition
temperature, which causes it to stick in the drying
chamber, resulting in yield loss.

Similarly, Bhandari et al. (2015) mentioned
tomato pulp as being difficult to dry using this
technique due to caking and agglomeration.
However, optimum feed formulations have been
observed to improve product generation.
Numerous studies suggest that the chemical and
physical properties of the powder are determined

by feed concentration, inlet air temperature, the
use of wall material, flow rate, and solid content.
The airflow rate has little or no effect on the
quality (Al-Asheh et al., 2003). Aswathy et al.
(2019) observed that a low feed flow rate and air
inlet temperature with a higher carrier agent
concentration leads to a product with better
lycopene retention and antioxidant activity. The
feed's inlet air temperature and solid content
affect solubility and bulk density most (Al-Asheh
et al., 2003). Increasing the feed concentration
improves the physical nature of the powder;
however, it leads to the accumulation of residue
in the drying chamber, thereby reducing yield
(Goula and Adamopoulos, 2004). A future trend
to address the issues of low yield and poor
powder quality is the introduction of nano-spay
dryers equipped with ultrasonic atomizers and
electrostatic separation. These will enable the
production of powder nanoparticles with narrow
size distribution (Seid et al., 2021).
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Source: Mohammad and Wei (2017)

Different pretreatment techniques, mostly
blanching, have been developed to reduce loss in
quality attributes (Jorge et al., 2018). Samples
with better physical attributes and improved
rehydration ratio were obtained when the tomato
was blanched and treated with brine solution
(Sacilik et al., 2007). Pretreatment with alkaline
ethyl oleate reduced drying time by 8.45- 12.05
%

Instead of increasing the temperature to achieve
the same effect, which will compromise product
quality (Doymaz 2007). However, the quality of
dried forms of tomatoes is still a concern globally,
which the application of an appropriate drying
method could solve. Temperature and time are
the major factors contributing to the final quality
of the dried product, especially when tomato and
pomace are dried with or without air (Nikita et
al., 2021). Therefore, a pretreatment/ drying

technique that has an inherent ability to eliminate
oxygen and regulate temperature could solve
challenges associated with dried tomato quality.

Emerging Technologies

Reports indicate that there are potential drying
techniques that could be used in drying tomatoes.
These potential drying methods possess the
capabilities above of oxygen elimination as well
as temperature regulation. These methods include
Pulsed Vacuum drying and Vacuum steam pulse
blanching.

Pulsed Vacuum Drying (PVD)

PVD is a novel drying technology recently
introduced to the drying community. During
PVD operation, the drying chamber pressure is
successively changed between atmospheric
pressure and vacuum state until drying is
completed. The alternating pressure results in a
tunnelling effect that enlarges and interconnects
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the micro-pores in the material, thereby
enhancing moisture transfer during the drying
process (Wang et al., 2018). The oxygen-
deficient drying chamber also prevents oxidative
reactions, enhancing product quality in terms of
Color and other chemical properties (Xie et al.,
2017). Weipeng et al. (2017) divided the PVD
process into three stages, as seen in Figure 9b: (1)
Vacuum generation stage, when chamber
pressure drops from point a to b with the air
solenoid valve closed while the vacuum valve is

open (2) vacuum stage, at this stage pressure in
the chamber is maintained at a preset value (3)
Vacuum decreasing stage with air solenoid valve
open while vacuum is valve closed. Chamber
pressure rises to atmospheric pressure quickly
and is sustained for a specific time. PVD has been
successfully used for drying lemon, grape, Poria
cocos, wolfberry, and rhizome discrete (Weipeng
etal., 2017; Wang et al., 2018; Xie et al., 2017).
However, PVD has not been tested on tomato

halves.
5 43 2
r Ill"'. II‘ J 1
7 6 1 Tc onnoo ||
g ) mononn
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Figure 12a. System structure chart of PVD. 1, Drying chamber; 2, touch screen; 3, electric heating
panel temperature sensor; 4, material internal temperature sensor; 5, pressure sensor; 6, vacuum

valve; 7, airtight condenser; 8, vacuum pump; 9, air solenoid valve; 10, drain solenoid valve; 11,
electric heating panel; 12, product.

Source: Wang et al. (2018)
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Figure 12b. Schematic diagram of drying chamber pressure change kinetics during pulsed vacuum drying.
The highest pressure in the drying chamber, PV- the lowest pressure in the drying chamber, tAP- the
duration at the highest pressure, tVP- the duration at the lowest pressure, the time required during alternation
of PV, and td e the time required during alternation of PA.

Source: Wang et al. (2018).

Vacuum steam pulse blanching (VSPB)

VSPB is an emerging blanching technology with
the advantages of high blanching efficiency with
zero blanching wastewater and uniform heating
(Pei et al., 2021). VSPB cycle consists of three
stages (Fig 10b): The Vacuum stage, the steam
entering stage, and the steam holding stage. The
vacuum stage is characterized by removing air
and water vapour, followed by the steam entering
stage, where the material comes into direct
contact with steam at high temperatures; this
raises the temperature of the samples in the
blanching tank evenly and rapidly. The last stage
is the steam holding when the steam temperature
decreases. As a result, its effect on blanching
material weakens. After this stage, the three

processes above must be repeated (Wang et al.,
2021). VSPB encourages the release of gases
from tissues and provides a low-oxygen
environment that could inhibit some undesirable
oxidation that often leads to quality deterioration.
VSPB inactivated peroxidase and polyphenol
oxidase enzymes; it mitigates cell damage and
reduces nutrient loss in beetroot (Zhang et al.,
2021). Wang et al. (2021) mentioned that VSPB
could soften the texture and reduce the drying
time of carrots by modifying the micro ultra-
structure of the samples, degradation of pectin
polysaccharides, and changes in water state.
Similarly, Wang et al. (2022) observed an
improvement in total phenolic and antioxidant
activities when ginger was blanched with VSPB.
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Figure 13a and b Schematic diagram of equipment used for vacuum-steam pulsed blanching (a) and

Schematic diagram of pressure changes

during VSPB processing (b). (1) Superheated
steam generator, (2) Superheated steam ball
valve, (3) Steam Solenoid valve, (4) Steam intake
pipeline, (5) Bolt and nut, (6) Pressure sensor, (7)
Lid of the blanching chamber, (8) Chamber
temperature sensor, (9) Material temperature
sensor, (10)  Material, (11) Vacuum
electromagnetic valve, (12) Safety valve, (13)
Vacuum Pipeline, (14) Main control unit, (15)
Water tank, (16) Vacuum pump, (17) Solenoid
valve for releasing condensate, (18) Blanching
chamber body, (19) Ball valve pressure relief
Atmospheric pressure holding time (t1), vacuum
holding time (t2). Time from atmospheric
pressure to vacuum (t3) and one cycle(c) Source:
Weipeng et al. (2017).

CONCLUSION

The article reviews recent works on tomato
processing and drying techniques. Tomatoes are
highly produced and consumed due to their
nutritional and health benefits, and approximately
80% of global production is used for processing.
Different drying techniques are developed to
reduce losses, preserve the commodity, and
maintain quality, such as solar and open sun, hot-
air, microwave, heat pump, fluidized bed, infra-
red, osmotic dehydration, freeze drying, and
spray drying. The final product's quality and the

drying process's economic implications are
evaluated based on Color, nutrients, texture, and
rehydration ratio. Colour, nutritional content, and
texture are the major factors determining the
acceptability of any dried tomato product. The
review provides valuable insights into the various
tomato drying techniques and parameters
essential for producing high-quality tomato
products for consumption.

The review also discusses two emerging
technologies for drying tomatoes: Pulsed
Vacuum Drying (PVD) and Vacuum Steam Pulse
Blanching (VSPB). Pulsed Vacuum Drying
(PVD) is a novel technology where the pressure
in the drying chamber is alternated between
atmospheric pressure and vacuum state to
enhance moisture transfer and improve product
guality. PVD has been successfully used for
drying lemon, grape, Poria cocos, wolfberry, and
rhizome dioscoreae, but its application on tomato
halves has not been tested yet. Vacuum Steam
Pulse Blanching (VSPB) is another emerging
blanching technology that offers high efficiency
with no waste water and uniform heating. The
VSPB cycle involves three stages: the vacuum
stage, the steam entering stage, and the steam
holding stage. VSPB promotes gas release from
tissues, creates a low-oxygen environment, and
inhibits oxidation, improving product quality.
VSPB has been shown to inactivate enzymes,
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mitigate cell damage, reduce nutrient loss in
beetroot, and modify the micro ultra-structure of
samples like carrot and ginger. PVD and VSPB
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