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Abstract

Drying of food is perhaps the oldest method of food preservation. Conventional drying technologies
have now been used on commercial scale for drying numerous food products. Different methods
of drying are associated with advantages and limitations. Natural and artificial methods have
been employed to preserve valuable commodities. The major concern with drying using artificial
dryer is that it is energy intensive even though drying time is shorter as compared to the natural
method of drying. Drying kinetics has been studied to predict drying time and conditions for
several food products. The review aims at displaying evolution of these techniques and critically
reviewing the challenges and opportunities for drying of foods.
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Introduction

Drying is the process wherein moisture is removed from the food
material as a result of concurrent heat and mass transfer [1]. Heat
is applied through conduction, convection and radiation to force
water to vaporises, whilst removal of vapours is achieved by
employing forced air. Foods such as fruits and vegetables have
a high moisture content of more than 80% which makes them
highly susceptible to spoilage causing bacteria. Dehydration
preserves food in a stable and safe condition by reducing water
activity, extending the shelf life much longer than that of fresh
produce [2]. Considering the perishable nature of fruits and
vegetables it is necessary to preserve them and drying is one
such method to do it especially in developing countries like
India where cold storage facilities are poorly established. The
conventional method of drying includes vacuum drying, solar
drying [3], air drying [4], fluidized bed drying [5], spouted bed
drying [6], and freeze-drying [7]. Drying kinetics of apple [8],
black carrot [9], strawberries [10], carrot [11], garlic [12], guava
[3], papaya [4], jackfruit [13], sweet potato [14], banana [15] and
mushroom [16] have been successfully studied. Understanding
drying kinetics is important to choose the method of and to
control the process of drying.

Conventional methods rely on conductive and convective
methods for heat transfer but these methods causes the
end product to have a poor quality and high possibility of
contamination. This leads to the development of dryers that have
the capacity for more efficient and reliable drying techniques
such as explosion puff drying [8], combined microwave-
vacuum drying [10], infrared drying [17] and ultrasound freeze
drying [18]. Technique such as vacuum drying removes the
air and preserves properties such as texture, colour, taste and
flavour of dried products. In vacuum the water present in the
fruits and vegetables gets evaporated quickly and at a lower
temperature as compared to the atmospheric temperature this
results in less damage because the food is not exposed to a high
temperature and in the absence of air oxidation reaction does not
occur [16]. Hence, such technique can be employed to preserve
the desirable properties of dried foods. The advantages of novel
methods of drying are illustrated in Figure 1. The aim of this
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paper is to compare the efficiency of different drying methods
and to discuss the various methods of drying with respect to the
retention and preservation of nutrient content, texture, colour,
taste, flavour and other desirable properties of food. The effect
of various physical and thermodynamic properties of food on
the drying kinetics will also be discussed.

Drying methodology

Drying methods can be broadly classified into natural and
artificial methods of drying. The natural method of drying
utilizes the solar energy to remove the moisture content in the
food, with a disadvantage of dependence on weather condition
and poor operational performance [19]. Artificial methods
of drying have advantages over natural method of drying.
According to Okora and Madueme [20], artificial methods have
the capacity to remove large amount of moisture efficiently.
In addition to this controlling various factors involved such as
temperature, drying air flux and time of drying is also possible.
Artificial drying is done with the help of mechanical or electrical
equipment.

Natural drying methods

Solar drying; Sun is an inexhaustible and free source of energy,
utilized for drying of foods since ancient times. Solar drying can
be classified into direct and indirect method of drying.

Direct method: In open sun drying the food to be dried is left
exposed to the sun for a number of days to achieve the desired
moisture content. In developing countries where fuel is scarcely
available to farmers due to high cost, open sun drying is the
most popularly used method of drying since it is simple and
only requires sunlight [21]. Insect infestation, dust and dirt
contamination, long time for drying, over heating due to direct
exposure, quality deterioration and low rate of transmission
of heat due to condensation of the evaporated moisture are
some the major problem faced during open air drying [1]. The
simplest form of solar dryer consisted only a wooden box and
metal sheets of the dimensions 2m x 1m. It consisted of air holes
and polyethylene sheets to cover the upper surface of the food
material to be dried [22]. Kumar and Sagar [3] successfully
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Figure 1. Advantages of novel drying methods [71].

experimented drying of mango, guava and anola using a direct
type solar dryer. The methods and modes used in solar drying
are illustrated in Figure 2.

Indirect method: Indirect solar dryer have been developed
to overcome the problems encountered by the direct method
of drying. Chamber type, chimney type, and wind-ventilated
dryers are classified as indirect solar dryers. In the indirect
method of solar drying, the heat acquired by the system is used
to heat the air that flows through the product to be dried. The top
of the drying chamber is vented to remove the moisture due to
evaporation [19]. An indirect solar dryer based on the principle
of psychometric was developed to dry mangoes [23]. The dryer
had a composite absorber system and consisted of flat plate
absorbers, glass cover, wire mash, absorber glass, chimneys
and drying chambers. Upon drying of fresh samples of mangoes
the temperature of the drying air rises to 40°C during afternoon
and the thermal efficiency of the flat plate collector and wire
mesh were found to be roughly 17 and 12% respectively. A
mathematical model of thin layer drying of strawberries using
the indirect forced convection solar dryer was developed by El
- Beltagi et al. [24]. It consists of a drying chamber and W-
corrugated black aluminium sheet solar collector for maximum
absorption of solar radiation, a glass cover of 4 mm thickness
was placed on top of the W-corrugated sheet to minimize the
heat dissipation. The whole set up was tilted as horizontal plane
and surrounding air was drawn in with the help of a fan and then
heated up in the solar collector which then enters the drying
chamber in a bottom to the top flowing action through the food
to be dried. An indirect solar dryer is illustrated in Figure 3A.

Artificial drying methods

Convective drying: Convective method of drying is employed
to remove water from the food substances through the application
of heat in equipment meant for drying. Hot air is allowed to pass
through the product in a manner to transfer the heat to the food
and moisture is removed [25].

In the drying of strawberries in an experimental hot air tunnel
dryer with an air flow of 1 m/s parallel to the sample at different
temperatures of 60, 70, 80 and 90°C showed a decrease in
the anthocyanin content and antioxidant capacity. It was also
observed that there was no change in the area, parameter and
feret diameter when dried at 70 to 90°C. However, drying at
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60°C decreased the area, perimeter, feret diameter and the
fractal dimensions of the parenchymal tissue of the strawberries
[26]. A convective tray dryer is illustrated in Figure 3B. A
study was carried out to know the effects of alkaline ethyl
oleate pre-treatment on oven drying of strawberries. The drying
temperatures were 50, 55 and 65°C with an air velocity of 1.2
m/s [27]. It was observed that the pre-treated strawberries had
a higher drying rate and decreased drying time. The pre-treated
samples also had better rehydrating properties as compared to
the sample which had not been pre-treated. Combination of
osmotic and convective drying method was studied on many
fruits and vegetables such as mango [3], mushrooms [16], ginger
[28], jack fruit [29], button mushroom [30] and grapes [31].

Drying by radiation: Long drying time and high temperature are
the factors responsible for the loss of heat sensitive components
of the food. Microwave radiation is an electromagnetic radiation
which works in between the frequency range of 300 MHz to 300
GHz and have a wave length of 1mm tolm. The propagation
of microwave through space is by means of electric and
magnetic field. Microwave heating is beneficial as it requires
lesser amounts of time and temperature to remove the moisture
content in foods [6]. Scorching is a problem in microwave
heating because of the low availability of water content towards
the end of the drying process. The major advantage of using
microwave is its ability to be combined with other method of
drying such as vacuum drying [10]. Button mushroom were
prepared using microwave-vacuum drying [16]. The power of
the microwave was in the range of 115 to 285W and a pressure
range of 6.523.5 KPa, the mushroom was sliced to a thickness
of 614 mm. They observed that microwave drying takes 70 to
90% shorter drying time retains better rehydrating properties
as compared to the convective air drying method. A vacuumed
microwave dryer is illustrated in Figure 3C. Infra-red heating is
another method of removal of moisture from foods. According
to Askari et al. [6], infra- red have a wavelength range of 0.75
and 1000 pm. Exposure of food to infra-red led to charge
build up in the electronic state as well as in the vibrational and
rotational state at the atomic and molecular levels. This caused
the food to heat up without any changes in the temperature of
the air surrounding the food. Infra-red drying has been used
to dry various agricultural commodities including carrot [11],
sweet potato [14], and tomato [17].
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SOLAR DRYER
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Active dryer Passive dryer
Crops dried in-situ
(on farm)
Distributed type
dryer
Drying in ground, mats,
concrete and floor
Distributed Ml(’i‘ed mode
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Figure 2. Classification of solar dryer and modes of drying [72].

Freeze drying; Freeze drying is the process of drying a substance
through freezing and removal of solvents associated with direct
sublimation. Unavailability of liquid water during freezing and
low temperature results in the production of a superior quality
end product and most of the reactions involving the microbes
are completely stopped [32]. About 90% of the water present
in the fruits is removed in the first phase of freeze drying. One
important characteristic of freeze dried fruits is the ability of
the fruits to rehydrate, Differences in the rehydration property
of freeze dried fruits is due to salt concentration, desorption of
water, break down of pectin cells in the membrane, size of water
crystal and its porosity. The rehydration property of the freeze
dried product is rapid and the organoleptic property of the
rehydrated foods is almost similar to the fresh product. Minimum
volume reduction, minute chemical change, minimum loss of
volatile components, long storage period, stability, ability to
be used as an antioxidants and colorants are the advantages
of freeze dried products [7]. The disadvantage of the freeze
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dried products includes high cost and energy consumed during
the freezing, drying and condensing process. Due to the high
freeze drying time, collapse of the product can happen which
may result in loss of aroma and yield tough product with low
rehydration capacities [33]. An integrated ultrasound freeze
drying system was developed to dry bell pepper by Schossler
et al. [18]. Continuous application of ultrasound at 6.5 pm was
found to have an immediate heating effect on the sample at
reduced ambient pressure. The application of ultra sound was
found to reduce the drying time by 11.5%. The dryer developed
is illustrated in Figure 3D.

Osmotic drying: In osmotic drying, foods to be dried is
placed in a hypertonic solution which causes a difference in
concentration and causes the water content of foods to be driven
out from the sample to the solution. Diffusion of the solutes
from the solution into the tissue of the fruits and vegetables
also takes place [30]. The transfer of mass during osmosis
may be responsible for the change in physical, chemical,
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Figure 3. (A) Indirect solar dryer [19]), (B) Forced convective cabinet tray dryer [28], (C) Microwave vaccum dryer [73], (D) Ultrasound-assisted
freeze drying system [18], (E) Pattern of mass transfer when cellular material is immersed in osmotic solution [34]and (F) Schematic diagram of

a spray dryer [66].

nutritional values, taste and structural properties of the final
product [32,34]. The mechanism of osmotic dehydration is
illustrated in Figure 3E. Monosaccharides, disaccharides and
salts such as sodium chloride are the most commonly used
osmotic ally active solutes. The possibility of the process to be
conducted at room temperature makes it more advantageous
than other conventional method of drying such as hot air or
vacuum method of drying since energy required for carrying
out the procedure is significantly less [35]. Alam et al. [36]
investigated the osmotic drying of anola and studied its effect
on its quality. Sugar concentration of 50-70°Brix, solution
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temperature of 30 to 60°C and time of treatment of 60 to 180°C
was used in the study. It was found that a sugar concentration
of 59°Brix, solution temperature of 51°C and an immersion
ratio of 60 min was found to be the most effective treatments.
Similar experiment was also conducted by [30] in osmotic
dehydration of button mushroom. According to Kumar and
sagar [3], a combination of osmotic treatment and vacuum
drying is more effective in drying anola. Osmo-vacuum dried
anola showed higher amount of sugar than fresh anola, similar
result were also obtained when mango and guava was osmo-
vacuum dried.
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Drying kinetics and modelling

Studying drying kinetics is a means to choose appropriate
drying methods and to control the processes of drying. It is
also important for engineering and process optimization. It
is sometime expensive to conduct a full scale experiment to
determine the suitable condition for drying. Drying kinetics is
used to express the moisture removal process and its relation
to the process variables and hence, a good understanding of
the drying rate is important to develop a drying model [37].
According to Khazae and Daneshmandi [38] the thin layer
drying models can be classified into three categories viz.
theoretical, semi theoretical and empirical. Theoretical models
only consider the internal resistance in transfer of moisture,
however, the semi theoretical and empirical models only
consider the external resistance in the transfer of moisture
between air and product [39]. Empirical models fails to take
into account the fundamentals of drying process and is able
to explain only the drying curve for drying condition but not
the processes that occurs during drying [40]. Semi theoretical
model of drying includes: Lewis models, Handerson and Pabis
model, Logarithmic model and Page model etc. Fick’s second
law of diffusion is the mostly commonly used theoretical
model. Theoretical models are inadequate and tend to generate
erroneous results and are complex for practical applications.
Hence, semi theoretical models have been developed to ease
the use and to fit the drying data of the food material to be
dried [41]. The Handerson and Pabis model, firstly used for
model drying of corn is the first term of general series solution
to Fick’s law. However, due to inaccuracy and high degree of
temperature difference between kernel and air, the model could
not be fitted during the first 1 or 2 hour of drying corn [42].
The first two terms of general series solution to Fick’s second
law is the two term model. The two term model however, does
not consider the shape of the product dried. The model assumes
constant diffusivity and requires the temperature of the product
to be constant. It has been fitted in the drying of kenaf [43]
and corn [39]. Lewis model is a special case of Handerson and
Pabis model. According to Bruce [44] the model is inaccurate;
it overestimates the first period and underestimates the last
period of drying. Semi theoretical models are the simplified
general series solutions of the Fick’s second law. These models,
however works only when temperature, relative humidity, air
velocity and moisture are in the range at which the models are
developed. Time requirement is less and shapes of the material
dried are not considered in semi theoretical models [45].
Drying kinetics models does not take into account the effects of
interactions by parameters other than the time of drying. Models
that incorporate a large number of variables still do not exist but
due to the complex non-linear relationship between the kinetics
of drying and variables related, the development of such models
is not feasible [38]. A list of models used in drying kinetics is
given in Table 1.

Effect of air temperature and air velocity on drying kinetics:
Air temperature is one of the prime factors influencing the drying
kinetics during dehydration. Drying constant, equilibrium
moisture content and moisture diffusivity increases as the
temperature increases [46]. In the study conducted by Abano
et al. [47] effects of air temperature on the drying kinetics of
tomato slice were evaluated. Three empirical models namely
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Table 1. Mathematical models used in drying kinetics.

Models for drying Formulas Reference
Two term MR=a exp(-kt)+b exp(-k,t) [39]
Simplified Fick’s Diffusion equation MR=a exp[-c(t/L?)] [41]
Handerson and Pabis MR=a exp(-kt) [42]
Modified page Il MR=exp(exp(-c(t/L2)") [67]
Lewis model MR=exp(-kt) [44]
Simplified Flick’s diffusion MR=a exp(-c(t/L?)) [67]
Page model MR=exp(-kt") [69]
Modified page MR=exp[-(kt)"] [70]

t: Drying time (s); a, b, ¢, g,n: dimensionless constant for drying; k, k, k;: Drying
velocity constant; exp: experimental; MR: Moisture Ratio; L: thickness of the
material; R: Correlation coefficient.

Page, Logarithmic and Henderson and Pabis model were fitted
to explain the drying kinetics. Air temperature of 50, 60, 70
and 80°C were used for drying. Constant rate of drying period
was observed when tomato slices were dried at 50 and 60°C.
However, inconsistency was observed when dried at 70 and
80°C which indicate the importance of diffusion as a governing
physical mechanism for moisture removal. Krokida et al. [46]
studied the effects of sample size and the conditions of air on the
drying kinetics of horticultural produce such as potato, carrot,
pepper, garlic, mushroom, onion, leek, pea, corn, celery, pumpkin
and tomato. In the study the first order drying kinetics predicted
the drying kinetics of the samples at two ambient (30°C) and
elevated temperatures (70°C). Increase in temperature of the air
resulted in the increased loss of moisture and decrement in the
moisture equilibrium of the sample. In the experiment conducted
by Tzempelikos et al. [48] the time of drying quinces was found
to be influenced by the air temperatures and air velocities used
for drying. Drying time was reduced by 30% with increase in
the air velocity at a temperature of 60°C while 54% reduction in
drying time was observed when temperature was increased from
40 to 60°C at an air velocity of 2 m/s.

Effect of shape on drying kinetics: Borges et al. [15] studied
the influence of shape on the drying kinetics of banana. The
species of banana used in the experiment were Prata and Dagua
banana. The banana was cut into disk and cylindrical shapes and
dried in a tray drier at a temperature of 40 and 70°C. The drying
rate was significantly higher with disk shaped Dagua banana as
compared to the cylindrical shaped banana. Positive influence
of temperature on Parta banana was also observed. Effect of
blanching could only be observed in case of Parta banana when
dried at 40°C. Bakal et al. [49] studied the effect of size of
sample during the fluidized bed drying of potato. The potatoes
were cut into cubical and cylindrical shapes and dried at a
temperature of 50, 60 and 70°C and air velocity of 7 m/s. It was
found that the diffusion coefficient was positively influenced
by the thickness of the sample. The drying constant increased
with the increment in the aspect ratio and the diameter to length
ratio due to the increase in surface area. Naderinezhad et al. [50]
studied effect of air temperature, air velocity and sample shape
(circle and square) on drying potato slice. As compared to shape
the air velocity and air temperature were found to have a more
profound effect on the drying time. It was also observed that the
drying square slice was lower as compared with the cylindrical
samples.

Effect of pre-treatment: Most food products are pre-treated
before drying to shorten the drying time, improve taste,
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structure, to conserve the flavours and to maintain the nutrition
of the food. Pre-treatment reduces the initial water content and
modify the tissue of the food material which helps to fasten
the drying rate [8]. The influence of blanching was studied by
Doymaz [27] on the drying kinetics of leek slice. Pealed leeks
slice were blanched for 3 min in hot water of 70°C. The drying
rate and rehydration properties of blanched sample were found
to be improved as compared with the unbalanced sample. The
influence of pre-treatment on the drying kinetics of seedless
grapes was carried out by Bai et al. [51] using the novel method
of high humidity hot air impingement blanching (HHAIB)
pre-treatment. This method not only reduces the drying time
but also produced a desirable end product due to inhibition of
enzymatic browning. Romero et al. [52] studied the effect of
ultrasound pre-treatment on the drying kinetics of the andean
blackberry (Rubus glausus Benth) using Fick’s second law of
diffusion. Upon drying of ultrasonic pre-treated black berry
the drying time was increased five times as compared to the
untreated samples.

Effect of relative humidity: The effect of humidity below 30%
RH and temperature in the drying kinetics of kenaf core was
studied by Misha et al. [43]. Temperature (45, 50 and 55°C) and
relative humidity (10, 20 and 30%) variations at an air velocity
of 1.0 m/s was used for drying. Two term model described the
drying kinetics more accurately then the rest of the models used
in the experiment. The drying time was found to be reduced
as the temperature increased at constant air humidity. Relative
humidity of the air rather had an insignificant effect on the
drying curve of the kenaf core; this could be attributed to the
initial moisture content of the sample. Effect of humidity from
40 to 45% RH on pre-treatment was observed in the experiment
conducted by Bai et al. [51] a high humidity of 40 to 45% were
used for pre-treatment of grapes using the novel method of
HHAIB treatment and impingement drying. Grapes were treated
using HHAIB for 30, 60, 90, or 120 s and then cooled at 25°C. It
is then dried using air impingement dryer. It was observed that
HHAIB treatment significantly affected the drying kinetics as
compared to the temperature. It was also observed that grapes
dried using HHAIB have a more appealing end colour of the
product. Pre-treatment at 110°C for 90 s was found to be the
most effective to produce a desirable end product. Inazu et al.
[53] analysed the effect of relative humidity above 60% RH and
temperature in the drying kinetics of Japanese noodle (Udon).
Relative humidity of 60, 70 and 80% were used. Drying of the
noodle was done at three different temperatures of 20, 30 and
40°C and a modified Arrhenius model was used to describe
the effect of relative humidity on the drying kinetics. During
constant temperature, drying rate decreased as the relative
humidity increased and as temperature increased, the drying rate
increased at constant relative humidity. There was insignificant
effect of relative humidity on the apparent moisture diffusivity.
During the initial stage at 20°C and a relative humidity of 60%,
the value of apparent moisture diffusivity was 9.8 m?/s where as
it was 10.82 m?%s at 40°C at the end of the initial phase of drying
at relative humidity of 80%. During the main stage of drying ata
temperature of 20°C and relative humidity of 60°C the apparent
moisture diffusivity was 4.75 m?%s and at the end of the process
at a temperature of 40°C and relative humidity of 80%, the
apparent moisture diffusivity was found to be 6.25 m?/s.
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Commercial dried products

Various dried products are available commercially. The method
of drying varies according to the product that is to be dried.
Drying increases the shelf life of the product and its commercial
value.

Dried meat products: Drying of beef in super-heated steam and
hot air was studied by Speckhahn et al. [54]. Super-heated steam
was found to have a quicker drying rate. Temperature exceeding
160°C caused changes on the meat surface and prevents the
bound moisture to escape through the meat surface due to
case hardening. It was also found that fat is more efficiently
extracted when super-heated steam as compared to hot air oven.
Baslar et al. [55] experimented on a novel method of drying
beef and chicken by using ultrasonic vacuum drying to shorten
the drying period of beef. The experimental result showed that
the method is efficient and have potentials to be used in meat
and poultry industries. Fish is a good source of animal protein
and contains vitamins and minerals required for the nutrition
but are extremely perishable. Fish and fish by-products are
also a good source of omega 3 polyunsaturated fatty acids and
contain large amount of EPA (eicosapentaenoic acid) and DHA
(docosahexaenoic acid) which plays an important role in food
and pharmaceutical products, spray granulation at £70°C shows
less chance of degradation of lipids as compared to drying at
higher temperature in fish [56].

Powdered products: Spray drying is now the most commonly
used procedure for dairy products, involves atomization of the
liquid feed and instantaneous drying of milk components. The
application of spray drying in the development of fruit powder
is on the rise due to its simplicity and affordability [57]. The
study conducted by Malafronte et al. [58] showed that high fat
content resulted in longer period of drying with a less shrivelled
particle in skim milk, light milk, medium milk and whole milk
when dried in a single drop drying kinetics device. A schematic
representation of spray dryer is illustrated in Figure 3F. The
influence of spray drying on the properties of egg white powder
(EWP) and optimization of the process was studied by Ma et
al. [59]. The optimum feeding and inlet air temperature were
39.8°C and 178.2°C, respectively. The feed rate was 22 ml/
min. Under these conditions the hydratability and solution
index was 5.832 ml/g and1.9835 respectively. Sulfydryl group
measurements indicated change in conformation and a decrease
in its content was observed. Koc et al. [60] studied the effect of
spray drying in the functional and physicochemical properties
of whole egg powder. An outlet air temperature of 60°C and
an inlet air temperature of 195°C at an atomization pressure of
294 Kpa resulted lowest water activity in the powder samples.
However, the maximum peroxide value (0.799) for the whole
egg powder was obtained at the outlet air temperature of 80°C.
The effect of solar drier and tunnel drier on the physiochemical
properties of tomato powder was studied by Ghavidel and
Davoodi [61]. Tunnel dryer was found to be a more effective
method of drying as compared with the solar drying.

Drying of cereals and pulses: The conventional method of
processing pulse is to split the pulse by de-hulling which causes
aloss of 15 to 20% and so pre-treatment is required to reduce the
loss and for easy milling. Less energy consumption for cooking
and drying as compared with other method is a major advantage
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of drying pulse. Currently continuous flow microwave heating
method is replacing the batch method of pre-treatment for de-
hulling pulse in industrial scale [62]. Sharon et al. [63] studied
the influence of air temperature (40 to 60°C), bed depth (0 to
0.6 m) and drying time (1 to 9 h) on the deep bed drying of
black gram. Increase in bed depth and air velocity decreased the
moisture content of the sample at all the temperature. Drying at
40°C reduces energy consumption and drying at 60°C saved the
time for drying.

Dried cultures: Long term stabilization of culture is required
to maintain the viability of cultures for long term storage
and utilization of valuable culture organism used for food
formulation. Freeze drying is the standard process for the
production of dried starter cultures [64]. Gradually dried culture
substrate for enzyme production in anon-airflow solid state
fermentation process was investigated by Ito et al. [65]. The
drying process had a positive effect by increasing the enzyme
production but decreased the mycelium content weight basis.
Commercial dried cultures are now available throughout the
world.

Dried fruits and vegetables: Originally, fruits and vegetables
were dried using sun drying, however, due to the poor quality
of the end product and high chances of contamination newer
alternative methods were used [1]. Osmotic dehydration of
fruits and vegetables results in the shrinkage of the final product
[66]. The condition of air such as temperature, humidity and
velocity of the drying air affects the drying kinetics during
drying. The size of the sample to be dried is also another factor
that affects the drying of fruits and vegetables [67]. Different
drying techniques affect the properties of the material dried.
Kunar [68] investigated the influence of tray load on the drying
kinetics, osmotically treated mango, guava slices and anola
segments were dried in a cabinet dryer, low temperature drier and
vacuum dryer having the tray load of 0.30, 0.35, 0.40 and 0.45
g/cm’respectively. The vacuum and cabinet drying method with
a tray load of 0.40 g/cm? was found to be the optimum condition
for drying. Some of the drying methods used to dry fruits and
vegetable are given in Table 2. High energy consumption
and cost is a major problem associated with drying fruits and
vegetables. Utilisation of solar energy provides an alternative to
drying fruits and vegetables since it is less expensive and uses a
clean source of energy [2]. The use of infra-red energy is a novel
method of drying fruits and vegetables that causes the reduction
of processing time and cost [11].

Combination of drying techniques can reduce the energy
consumption and produce a better quality product. Long drying
time and high temperature used during the dehydration process
leads to the loss of vitamins, colorants and antioxidants even
if the drying is carried out at low temperature exposure of the
fruits and vegetables to oxygen could lead to the significant
reduction in the nutrient content [12].

Future opportunities

Though good feeds have been achieved in drying technology
there is a need for further development of cost effective
and energy efficient methods of drying. During the drying
process the desirable aspects of fruits and vegetables needs
to be preserved. Combinations of drying techniques produces
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Table 2. Drying method used to dry some fruits.

Products Drying methods References
Solar drying
Guava Vacuum oven drying [3]
Cabinet drying
Osmo-convective drying [3]
Mango Solar drying [23]
Tray drying [68]
Vacuum drying [3]
Anola Osmotic drying [36]
Cabinet drying [68]
Aople Fluidised bed [5]
PP Explosion puff drying [8]
Infrared drying [11]
Carrot Spray drying [74]
Convective pre drying
. : [12]
Garlic Vacuum-microwave [46]
Air drying
. Hot air drying [13]
Jack fruit Osmo-convective drying [29]
Microwave-Vacuum drying [15]
Straw berry Solar drying [24]
Convective drying [26]
Banana Natural convection [15]
Vacuum freeze-drying [75]
Hot air drying [16]
Mushroom Microwave-vacuum drying [16]
Osmotic dehydration [30]
Infra red drying [17]
Tomato Hot air drying [47]
Solar drying [61]
Osmo-convective drying [31]
Grapes Hot air drying [51]

products which are more appreciated by the consumers and
reduces the heat induced deteriorations in fruits and vegetables.
Consumption of high amount of energy by instruments used
for drying adds to the cost of the finished end product. The
application of natural method of drying not only reduces the
cost but is much easier to use. The major drawback of natural
method of drying is that it is time consuming and the conditions
of drying cannot be manipulated as compared to the artificial
method of drying. Future work could focus on developing
natural drying solutions with greater efficiency. Drying kinetics
has helped to achieve good and effective result with minimal
resource utilization. However, drying models that take all the
variables into consideration are still non-existing, which makes
it a potential area of research.
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