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Abstract: Bananas are some of the most consumed fruits throughout the world, providing metabolizable
calories and vitamins for humans, along with many other benefits. However, this fruit tends to be
easily degraded by microorganisms and other chemical agents because of the high moisture content.
Considering the importance, this work focuses on an experimental study regarding banana
fruit drying. For such purpose, whole bananas were hand-peeled and sliced longitudinally
and then dried by a hot air circulation oven with air temperatures of 40 ◦C, 50 ◦C, 60 ◦C and
70 ◦C. Measurements of mass, temperature, and dimensions of the sample were done during the
drying process. Results of drying, heating, and shrinkage (volume and surface area) kinetics are
presented and analyzed. The study revealed that the drying air temperature significantly affected
moisture removal, heating, and dimensions’ variation rates, as well as quality of banana fruit.
The drying carried out with higher temperature and lower relative humidity of the air gave rise to
higher rates of drying, heating and variation of dimensions, and shorter drying time of the product.

Keywords: heat; mass; shrinkage; banana; experimental

1. Introduction

Fruits are capable of providing flavor and diversities to the human diet, and are important and
indispensable sources of vitamins, minerals, fiber, and carbohydrates. Because of that nutritional
characteristics, and coupled with population growth, the production and consumption of processed
fruits are progressively increasing. Bananas are an important source of human food mainly due to their
mineral and vitamin contents and also the provided calorific value (energy). Furthermore, it contains
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dopamine and various phenolic compounds, for example, catechin in its composition without the
intakes of fats and cholesterol [1]. Due to nutritional and aromatic characteristics, bananas have
received considerable attention from researchers, which identified more than 350 compounds present in
the fruit. The major constituents are the amyl and isoamyl esters of butyric, propionic and acetic acids.
Brazil occupies a prominent place in world banana production. However, the losses of this product
are estimated to be up to 60% of the total volume of production [2–4]. Despite being harvested in
quantities and qualities due to the practically equal seasonal season throughout the year, the fruit must
be consumed within a maximum period of up to 25 days after harvest.

Bananas are highly hygroscopic biological products, i.e., they contain a lot of bound water and
shrink during drying. Hygroscopic products have the property of exchanging water, in the form of
vapor or liquid, distributed in the external environment past over it, through absorption or desorption,
considering the water characteristics of the products and the environment that surrounds them.
Other than 19% of sugars and 1% starch content, the fruit is composed of water (60–80% depending
on the degree of ripeness and fruit variety and type); protein; carbohydrate, with regular content of
calcium, iron, copper, zinc, iodine, manganese and cobalt, fiber, beta-carotene, thiamine, riboflavin,
niacin, and vitamin C [1,5–8]. They are highly perishable fruits and susceptible to the creation of
microorganisms that leads to their deterioration in less time; thus, some actions must be taken into
considerations to increase shelf-life and product quality.

Fruit drying is still considered a complex operation deserving better/progressive understanding,
especially with regard to the selection and control of the process conditions to maintain the final
quality of the product. The demand of consumers has increased and products that preserve their
original characteristics to the maximum have gained the consumer’s preference. At the industrial level,
this means the development of operations that minimize the adverse effects of the drying process.
During drying, the product’s surface shrinks more than its core, causing internal stresses that result
in damage and rupture of the walls inside the product. Allied to this, non-volatile compounds also
migrate with the diffused water and precipitate on the surface of the product, forming a crust that
maintains the dimensions of the product [9]. Thus, shrinkage affects the parameters of heat and mass
transfer and is a relevant factor to be taken into account in drying models. According to previously
published literature [9,10], initially, the shrinkage occurs on the surface, and then gradually moves to
the center of the fruit with an increase in the drying time. Then, the shrinkage produces a variation in
the distance required for the movement of water molecules, which facilitates the diffusion of moisture
across the surface and, at the same time, the size of the pore filled with water shrinks due to water loss.
When the pore shrinks in volume, it becomes more difficult for moisture to move from the core to the
surface of the fruit. Then, the diffusion coefficient decreases with the shrinkage of the sample structure
and tissue.

From a technological and commercial point of view, due to the wide variety of vitamins
and nutrients, bananas have been intensely consumed “fresh” and like industrial products.
The processing of bananas to obtain elaborated products has been directed to green banana flour,
green and ripe banana flour or powder, creams, flakes, raisins, puree, nectar, jelly, bananas, brown sugar,
mints, vinegar, wine, and bananas-raisin, liqueur, juice, cake, pie and banana to rum. Fiber is also
obtained for the manufacturing of bags for cereals, heart of palm brine, banana peel pie, and stalk pie.
This fiber is extracted from the plant, from the remains of the bunches, and from the bananas themselves.
The remains of bananas and bunches have also been used in animal feed [1,11–15].

The dried banana, or raisin banana, is obtained from the artificial drying of the ripe banana
using different techniques such as solar drying, freeze-drying (lyophilization), in an oven and with a
heated cylinder, with and without treatment. It is usually obtained from dwarf banana or “nanicão” type.
It is a small-scale industrialized product; however, numerical data on the volume of national sales
were not found in the literature. The product obtained is of very dark color, firm consistency, and little
persistent banana flavor. Dried banana products can be stored satisfactorily for more than a few
years without the addition of preservatives. It is assumed to be due to the high sugar content,
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which exceeds 50%. The use of suitable drying techniques can lead to a product with a light color,
soft consistency, and pleasant taste and aroma. Banana is a non-porous solid, whose moisture is linked
to the structure and, during drying of this food, the period of constant drying rate is not noticed [11,13].
Dried bananas are stable to the action of microorganisms if the moisture content is less than 23%
(MCw.b.). Industrially, drying is carried out until the banana’s moisture reaches about 20–25% (MCw.b.)
and water activity less than 0.7 at 25 ◦C, and its control is carried out in a practical way, by observing
the color, texture, consistency, chew, and water content of the final product. In general, to produce a
product of acceptable quality, bananas must be dried to a moisture content of 14% to 15% (MCw.b.),
using a maximum temperature of 70 ◦C.

Temperature and drying time are important parameters to alter the color changes of agricultural
products during drying, especially fruits. Thus, different factors related to drying of banana have been
cited in previous literature [3,4,16–25]. Specifically, previous studies also extensively correlated the
phenomena of color and texture changes in bananas during drying [26–32]. Due to the sequential growth
of the banana crop and the amount of banana harvested, the increased losses of these fruits, for the
reasons already mentioned in this text, and the minimization of energy consumption in the process,
there is a need for more and more effective studies and optimized related to banana conservation.
In this sense, the authors, concerned with the high rates of lost banana, mainly in the post-harvest phase,
propose to study the drying of bananas in ovens under different operational conditions.

2. Materials and Methods

Bananas (Musa species and “silver” variety) were obtained from the local market in the city of
Campina Grande, Paraiba state, Brazil.

In the beginning, bananas were selected with respect to size, quality, and qualitative degree
of ripeness (yellow peel with minimal black spot), hand-peeled, and longitudinally sliced in half,
before the start of each experiment. Then, the dimensions, mass, and surface temperature of each
sample were measured, as well as the temperature and relative humidity of the ambient air.

The samples were placed inside the oven and dried at different temperatures (40 ◦C, 50 ◦C, 60 ◦C,
and 70 ◦C). The samples were arranged inside the oven as follows: a pilot sample placed on a small
thin wire mesh and 6 samples on a large thin wire mesh at identical locations for each experimental
run as shown in Figure 1a.

In predefined time intervals (a 5 min increment from 0–30 min; 10 min from 31–60 min; 30 min
from 61–120 min; 60 min from 121 till the end of the process), the samples were taken in the interior of
the oven, in order to measure the temperature, mass, and dimensions.

At the end of each drying period (5 min, 10 min, 30 min and 60 min intervals) measurements
of mass, temperature and dimensions were made only in the pilot sample and, at the end of each drying
step (first 30 min, second 30 min, second hour and third hour until to final drying), measurements of
temperature, mass, and dimensions were made in all samples.

When the mass of the pilot samples reached the moisture level close to the hygroscopic equilibrium
condition (three consecutive values approximately equals), the measurements were terminated and
then the samples were kept inside the oven under the same drying conditions for a period of 24 h to
obtain the mass of balance (hygroscopic equilibrium condition). Then, the temperature inside the oven
was changed to 70 ◦C, and the samples were kept inside the oven for another period of 24 h to obtain
the dry product mass.

Figure 1 illustrates the banana cut into longitudinal slices and a diagram indicating the dimensions’
half perimeter (C), length of the major axis (L), and diameter (D), and the position where temperature
on the banana surface were obtained in each experiment. Tables 1 and 2 show the experimental
information about the fruit and drying air.
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Figure 1. (a) Banana sliced lengthwise positioned over a small thin wire mesh (left side) and large thin
wire mesh (right side) and (b) identification of the point for thermal measurement and geometrical
parameters of the fruit.

Table 1. Experimental geometrical parameters of the banana (longitudinal slices) and drying-air
conditions used in this work.

Air Banana (Longitudinal Slices)

T (◦C) RH (%) v (m/s) C (mm) L (mm) D (mm)

40.0 ± 0.5 29.60 ± 1.00 0.04 ± 0.01 133.00 ± 0.53 119.04 ± 0.48 25.34 ± 0.11
50.0 ± 0.8 19.10 ± 1.20 0.05 ± 0.01 106.00 ± 0.42 98.87 ± 0.63 23.43 ± 0.23
60.0 ± 1.1 10.71 ± 0.80 0.06 ± 0.02 120.00 ± 0.53 117.96 ± 0.47 27.20 ± 0.31
70.0 ± 0.9 7.30 ± 0.90 0.07 ± 0.01 112.00 ± 0.49 95.55 ± 0.64 21.62 ± 0.17

T—temperature; RH—relative humidity; v—velocity; C—half perimeter; L—length of the major axis; D—diameter.

Table 2. Experimental hydric and thermal parameters of the banana (longitudinal slices) used in
this work.

Air Banana (Longitudinal Slices)
t (min)

T (◦C) Mo (d.b.) Mf (d.b.) Me (d.b.) θo (◦C) θf (◦C)

40.0 ± 0.5 2.2366 ± 0.2314 0.2256 ± 0.0164 0.0749 ± 0.0022 25.6 ± 0.4 40.0 ± 0.6 1365
50.0 ± 0.8 2.6548 ± 0.3122 0.0656 ± 0.0012 0.0324 ± 0.0031 28.1 ± 0.8 50.0 ± 0.5 1365
60.0 ± 1.1 2.1595 ± 0.1763 0.0722 ± 0.0023 0.0195 ± 0.0027 27.5 ± 0.7 58.9 ± 0.6 1025
70.0 ± 0.9 2.3587 ± 0.2126 0.0079 ± 0.0015 0.0080 ± 0.0004 26.7 ± 0.9 68.6 ± 0.8 630

Subscripts: o—Initial; f—final and e—equilibrium.

The calculation of the amount of water in each banana (ma) and in each measurement time was
done based on the value of the mass of the banana (m) and the mass of the dried banana (ms), as follows:

ma = m−ms (1)

The calculation of the moisture content of each sample (M) and at each measurement time was
made based on the value of the banana water mass (ma) and the dry banana mass (ms), as follows:

M = ma/ms. (2)
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The dimensionless moisture content of each sample (M*) and at each measurement time was
calculated based on the value of the moisture content (M), the initial moisture content (Mo), and the
equilibrium moisture content, (Me) on a dry basis, as follows:

M∗ = (M−Me)/(Mo −Me). (3)

The calculation of the dimensionless temperature of each sample (θ*) in each measurement
time was made based on the banana’s surface temperature (θ), the initial temperature (θo), and the
equilibrium temperature (θe), as follows:

θ∗ = (θ− θe)/(θo − θe). (4)

The calculations of the volume (V) and the surface area of the banana slice (S) in each measurement
time were made based on the value of its dimensions, length of the major axis (L), and diameter (D)
using the following equations [11,13]:

(V)t =
1
3
π

(L
2

)
t

(D
2

)2

t
, (5)

(S)t =
1
4
π(D)t(L)t


(D)t

(L)t
+

arcsin


√[

1−
(
(D)t
(L)t

)2
]√[

1−
(
(D)t
(L)t

)2
]


, (6)

where the subscript t represents the time in that the measurement was done.

3. Results and Discussion

Figure 2 illustrates the dimensionless moisture content transient behavior of the banana being
dried at temperatures of 40 ◦C, 50 ◦C, 60 ◦C, and 70 ◦C. It appears that the average moisture content
decreases slowly over time, in the case of drying at low temperature. It can be seen in the graph that
the temperature level has a great influence on the drying of the product. Therefore, moisture migration
at constant temperature at 70 ◦C causes the product to lose moisture faster than at 40 ◦C, tending to
equilibrium moisture content in a shorter time. This phenomenon occurs regardless of the geometric
shape of the banana. Note that, due to the moisture content being plotted in dimensionless form,
the results are independent from each other of the initial moisture content and balance of the banana in
each experimental condition.

Figures 3 and 4 illustrate the dimensional volume variations of the banana over time, for the
constant drying temperatures used in the 40 ◦C, 50 ◦C, 60 ◦C, and 70 ◦C oven temperature. It is observed
that the volume changes slowly with time for the temperatures of 40 ◦C and 50 ◦C, whereas, for the
temperatures of 60 ◦C and 70 ◦C, a much more accentuated volume variation occurs. For example,
in 30 min elapsed time, dimensionless average moisture contents of 0.9293, 0.8822, 0.8520, and 0.7872
were found, and dimensionless volume 0.966, 0.909, 0.896, and 0.792, for the temperatures 40 ◦C, 50 ◦C,
60 ◦C, and 70 ◦C, respectively. Thus, it is clearly shown that drying and shrinkage rates are found in
higher drying-air temperature.
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It is noted that, for all drying temperatures, at the beginning of the process, there is a higher
drying rate. Thus, the dimensions of the fruit changes from a high shrinkage speed until it tends to zero.
However, comparing the drying behavior, it is observed that, for the drying temperatures, of 40 ◦C and
50 ◦C, the variation in the volume of the banana occurs more uniformly, due to the fact that the water
removal is slower, promoting drying and longer heating. For high temperatures, for example, 60 ◦C
and 70 ◦C, at the beginning of the process, there is a great loss of water from the banana, thus causing a
sudden reduction in its volume. There is also a linear trend in volume with moisture content, indicating
that the reduction in the volume of bananas equals the amount of water removed with the progress of
the drying, except for a longer time (>300 min), where combined effects of expansion due to heating
and contraction due to moisture removal are more important. This effect can be verified by the changes
in the behavior of the curves for longer time, which drop smoothly now. Furthermore, there is a
different transient behavior of the dimensionless volume for a longer time and drying experiment at
50 ◦C as compared with other temperatures: instantaneous higher dimensionless volume. This fact
can be explained by the low initial volume, different shrinkage rates on the radial and axial directions,
and an increase in the rigidity of the sample during the experiment (not quantitatively verified).

Figures 5 and 6 illustrate the variation of the banana’s surface area as a function of drying time and
moisture content, respectively, for constant temperatures of 40 ◦C, 50 ◦C, 60 ◦C, and 70 ◦C. An analysis
of the curves that represents the drying kinetics shows that, at the beginning of the process, there is
a large reduction in surface area because, in this drying stage, the product has the highest moisture
content and drying rate and, consequently, the greatest water loss. It can also be seen in the graphs
that the phenomenon occurs in a much shorter time when using a higher drying air temperature.
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Upon examining Figures 5 and 6, it can also be observed that, for all the drying
temperatures evaluated, at the beginning of the process, there is a great loss of moisture and different
drying rate, showing that the geometric shape has a great influence on the phenomenon of shrinkage.
Thus, the dimensions of the fruit have high variation rates at the beginning of the process and that
corresponding dimensional variation rate decreases with the progress of the drying, due to reduction in
the loss of moisture of the product. When moisture of the banana approaches zero, shrinkage practically
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does not exist. Furthermore, it is important to emphasize the effect of the relative humidity of the
drying air in the process. For a fixed drying air temperature and many other drying parameters
(initial moisture content, shape and nature of the product, etc.), the lower the air relative humidity,
the greater the drying rate.

Figure 7 illustrates the variations in the surface temperature of the banana over time, for all drying
tests performed. It appears that, in a first stage, the rates of temperature variation (heating rates)
are more pronounced during the very first few hours of the referred stage, compared to the rates of
variation in moisture content (drying rates). Subsequently, in a second stage, approximately after
5 h of drying, the inversion of trends occurs, with the rates of variation of the moisture content
becoming higher. Finally, in a third and final stage, both rates are small, decreasing as the break-even
point approaches. This occurs regardless of the geometric shape of the banana and the dying condition
(air temperature and relative humidity). Obviously, the air velocity has a major effect in the heating
rates [9,33–35], but, herein, drying was done in an air circulation oven where low air velocity was used
(almost natural convection of heat).
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The heat transfer effect can be verified by the convective heat transfer coefficient; however,
in practical applications, heat flux and temperature at the surface of a porous material are very difficult
to measure without disturbing the heat transfer, especially in the drying process of materials with high
moisture content, where simultaneous mass and heat transfer and dimensions variations have occurred.

Previous reports have indicated that drying modifies the shape of the body, decreases the
surface area of heat transfer, and increases the superficial roughness of the material. This last
characteristic provides an increase of the air flow turbulence level in the boundary layer around
the fruit, increasing energy transfer between air and material. Thus, additional complications in the
measurement of the heat transfer coefficient are evident [13,35].

Upon analyzing Figures 2 and 7, it can be said that the drying of bananas occurs at a falling
rate period, in agreement with results reported in the literature [26,36–40]. For a better understanding,
throughout the period of a constant drying rate, the temperature of the product remains constant,
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especially in the initial drying periods (corresponding to the first stage in this study), where water
loss is more pronounced. However, this effect was not verified in the experiments carried out in this
research (see Figure 7). Taking the transient curves of the surface temperature into consideration,
we can see that temperature increases along the entire process. Furthermore, it appears that,
for lower temperatures, the curves are smoother, implying a tendency for the thermal diffusivity to
be lower for a lower temperature. In this sense, the thermal diffusivity must also be influenced by
local temperatures within the solid and moisture content too. There may also be an increase in the
convective heat transfer coefficient, or even a combination of an increase in both coefficients [13,35].

Tables 3 and 4 show the dimensional relationships of length, surface area, and volume, for each
drying test, as well as the total drying time of each experiment.

Table 3. Dimensional data of the longitudinal sliced banana during drying.

T (◦C)
Start Final

D (mm) L (mm) V (mm3) S (mm2) D (mm) L (mm) V (mm3) S (mm2)

40.0 ± 0.5 25.34 ± 0.11 119.04 ± 0.48 20011.26 3792.91 15.60 ± 0.21 103.18 ± 0.41 6573.75 2005.90
50.0 ± 0.8 23.43 ± 0.23 98.87 ± 0.63 14209.45 2924.78 16.75 ± 0.17 88.73 ± 0.55 6517.31 1861.74
60.0 ± 1.1 27.20 ± 0.31 117.96 ± 0.47 22847.62 4046.45 17.20 ± 0.41 101.30 ± 0.62 7845.75 2176.65
70.0 ± 0.9 21.62 ± 0.17 95.55 ± 0.64 11692.58 2603.36 14.19 ± 0.23 85.74 ± 0.58 4519.77 1519.02

Mean ± Standard deviation.

Table 4. Relative shrinkage data longitudinal sliced banana during drying.

T (◦C) t (min) Df
Do

Lf
Lo

Sf
So

Vf
Vo

Mo (w.b.) So
Vo

40.0 ± 0.5 1365 0.6156 0.8667 0.5288 0.3285 0.6910 0.1895
50.0 ± 0.8 1365 0.7149 0.8974 0.6365 0.4587 0.7264 0.2058
60.0 ± 1.1 1025 0.6323 0.8587 0.5379 0.3434 0.6835 0.1771
70.0 ± 0.9 630 0.6563 0.8973 0.5835 0.3865 0.7023 0.2226

By cross-checking Tables 2 and 3, it can be seen that the banana volume varied (1 − Vf/Vo)
from 67.15%, 54.13%, 65.66%, and 61.35%, for temperatures of 40 ◦C, 50 ◦C, 60 ◦C, and 70 ◦C,
respectively. The smaller dimensions of the banana had a greater linear retraction. It is also observed
that there is a small difference between the percentage of variation in the volume of the banana and the
complement of the initial moisture content on a wet basis. This is due to small errors in measurement
and use of the equipment at the time of reading, perhaps, even by the increase in the rigidity of
the banana during drying. These small errors can be attributed to precise measurement locations,
which can be different by 1 mm or 2 mm easily, in each moment of drying, and local deformation in the
fruit provoked by successive measurements along the process. However, there is a trend of linearity
between the volume and the moisture content of the solid during the process.

It is also observed that the volumetric variation has a slight tendency to increase with
the temperature rise, which is expected since moisture removal has increased with increasing
air temperature. Similar behavior occurs with the variation of the surface area, as well as with the
dimensions of the banana. This behavior was verified for all drying conditions used in the experiments.

For longitudinally cut banana drying, the drying time at 70 ◦C is 63% less than that at 60 ◦C,
117% less compared to 50 ◦C and 117% less than 40 ◦C. The drying time decreased around 12.3 h with
an increase from 40 ◦C to 70 ◦C in the drying air temperature. However, it is important to notice that
the final moisture content of the banana at 40 ◦C is higher than that at 50 ◦C.

The ratio between the final and initial diameters (Df/Do) was less than the banana length ratio
(Lf/Lo) for all studied cases, as reported in Table 3. This implies that the moisture in the radial direction
diffuses more quickly than in the axial direction due to the geometric effect. Thus, it is expected that the
diffusion coefficient in the radial direction decreases more than in the axial direction, characterizing an
inhomogeneous shrinkage.
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Figure 8 shows the banana slices at different moments of drying at air temperature 60 ◦C. From the
analysis of these figures, we can notice that the surface hardening (increase in the rigidity, mainly due
to sugar caramelization), shape, and dimension variations, and loss of color were verified in the fruit at
the end of drying. The loss of water and volatiles, which occurs during drying, are responsible to the
greater structural variation in the materials that lead to different sensory and texture characteristics of
the fresh product [27], mainly in thermo-sensitive materials contained in fruits and vegetables.
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As a final comment, from an industry point of view, different related topics to drying of
fruits play important roles, such as dryer selection, product quality, energy savings, energy sources,
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energy efficiency, energy recovery, operating safety, and environmental impact, and some questions
need explanation—for example: Drying provokes irreversible effect in the product? How can this be
done efficiently in terms of time, energy cost, and investment and product quality?

Under the consumers’ point of view, the quality of dried fruits must obey many criteria related
mainly to appearance, aroma, texture, convenience of use, rapidity of rehydration, and of dissolution,
ease of package opening, constancy of apparent density, keeping qualities, and composition.

Drying is a highly energy-consuming process, one of the major sources of pollutant emissions,
and one dehydration technique that strongly affects product quality under different aspects such
as color, flavor, appearance, aroma, losses of nutrients and vitamins, and many other physical, chemical,
structural, and nutritional quality parameters. Thus, the following factors of dried fruits can be cited:
quality of raw material, pretreatments, drying conditions, packaging, and storage conditions.

Based on the comments above, the real contribution of this paper in terms of process time, product
quality and energy consumption is clear. Since total cost and product quality are competing parameters,
the idea is to help specialists based on scientific knowledge necessary to improve the drying process
and dryer efficiency.

4. Conclusions

Dried bananas play an important role in the human diet throughout the world. In this paper,
the drying process of banana slices was analyzed with one drying mechanism (heat convection
in air circulation ovens). The effect of drying conditions on the moisture removal and heating of
banana longitudinal sliced has shown that the process occurred in the falling drying rate period,
and higher temperature and lower relative humidity provoked higher drying, heating, and shrinkage
rates in the fruit. Increasing air temperature significantly reduced the drying time of the longitudinal
sliced banana. The study proved that drying under controlled conditions has a greater potential to
increase shelf-life and guarantee high quality in bananas with high moisture content. Based on the
obtained results in terms of process time (energy saving, energy cost and productivity), and qualitative
analysis of the fruit after drying, the authors suggest an air temperature of 60 ◦C and air relative
humidity of 11% as the more appropriate conditions for drying of bananas longitudinally sliced in
the oven.
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