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Carabao mango, also known as the Philippine mango, is one of the most important varieties
of mango cultivated in the Philippines. Like any other fruit, carabao mango is susceptible to
various diseases making it highly perishable and has a very short span of shelf life. One way
of extending the shelf life of carabao mango is through drying. Drying mango meat slices until
moisture content (MC) of the mango pulp at 12% inhibits the growth of microorganisms and
the action of enzymes that causes spoilage. This research aims to develop a drying method
to determine the suitable thin-layer mathematical model that describes the drying kinetics of
thinly sliced carabao mangoes and subsequently to predict the optimum drying temperature
and drying time to attain 12% MC in the mango pulp. Three mathematical models, namely,
Laplace Transform Model, Page Model, and Non-linear Decomposition Model were examined
to describe the drying behavior of thin mango slices at 60, 70, and 80°C using a hot-air batch
dryer. Laplace Transform model gave the best fit with the least total error. The optimum
temperature was observed to be at 60°C being more efficient to produce quality dried
carabao mangoes at the shortest drying time of 209.51 min.
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INTRODUCTION
Mango (Mangifera indica) is one of the top
important fruit crops grown in the Philippines.
It ranks third next to banana and pineapple
based on volume export and value. Fresh and
processed mangoes have already established
inside and out of the Philippines where Hong
Kong and Japan absorb 89% of the country’s
export [1]. Carabao mango, also known as the
Philippine mango, is one of the most important
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varieties of mango cultivated in the Philippines.
The variety is reputed internationally due to its
sweetness and exotic taste [2]. Carabao mango
like any other fruit is susceptible to various
diseases making it highly perishable and has a
very short span of shelf life. As a result, food
preservation methods were developed to extend
its storage span. One way of extending the shelf
life of carabao mango is through drying. Removal
of water is necessary so that growth of
microorganisms will not manifest.
Drying, a unit operation involving the removal
of moisture content (MC) from a wet solid [3], of
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agricultural products is of great importance for
the preservation of food by human beings [4].
Drying inhibits the growth of bacteria and has
been practiced worldwide since ancient times
to preserve food.
Drying mango meat slices until MC of the mango
pulp at 12–15% inhibits the growth of
microorganisms and the action of enzymes that
causes spoilage [5]. In the food industry, mango
is not only dried for the purpose of preservation
but also for modification of taste, flavor and
texture needed to meet consumer preferences.
Color is one of the factors that influence the
impact of dried mango in the market. As the
mango is being dried, browning occurs. This is
due to the oxidation of an enzyme naturally
occurring in plants or the operating temperature.
Oxidation is a reaction that cannot be prevented
after mango has already been peeled while high
operating temperatures can lead to deterioration
of the nutrients, create off-flavors and induce
textural changes [6].
The drying kinetics of food is a complex
phenomenon
and
requires
simple
representations to predict the drying behavior,
and for optimizing the drying parameters. Many
investigators have carried out mathematical
modeling and experimental studies on the thinlayer drying of various vegetables and fruits
[7]. Studies on thin-layer drying were done on
potato slices [8], onion slices [9], sweet cherry
[10], and banana [11]. However, there is limited
information and research on drying kinetics of
mango slices in literature [7]. This paper is
carried out to develop a drying method to
determine the suitable thin-layer mathematical
model that describes the drying kinetics of thinly
sliced carabao mangoes and subsequently to
predict the optimum drying temperature and
drying time to attain 12% MC.

MATERIALS AND METHODS
Materials. Fresh, healthy, yellow carabao
mangoes from Davao, Philippines with exact
ripeness aging from 10–15 days were carefully
chosen for this study. The fruits were tapped
and patted to feel the exact ripeness. The
mangoes were washed, wiped with a clean piece
of cloth, peeled manually and sliced into
rectangular shape with varied length and width
to fill the spaces on the tray but keeping the
thickness constant at 5-mm thickness for thinlayer drying using a sterilized stainless steel
knife. The procedure was done in an enclosed
room with a stainless steel work table and sink
for washing up. The whole procedure was
carried out hygienically to preserve the
freshness of the mangoes free from
contaminants.
Hot-air dryer. A hot-air batch dryer was
fabricated with dimensions 20 cm × 20 cm × 20
cm. It was made of aluminum sheets, with its
inner part insulated with aluminum laminated air
bubble insulation material. It consisted of the
following parts: (1) a drying chamber, which
housed, (2) a static square tray, (3) a heating
element made of an electric coil that is enclosed
in a tubular duct, (4) an axial blower that
facilitates the distribution of air along the tubular
duct towards the drying chamber, (5) a
temperature control system that controls and
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Figure 1. Diagram of the hot-air dryer: (1) drying
chamber, (2) tray, (3) heating element, (4) axial
blower, (5) temperature control system, (6) air
channeling sheet, and (7) exhaust hood.
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displays the temperature in the drying chamber,
(6) a perforated air channeling sheet that directs
the heated air perpendicularly through the tray,
and (7) an air exhaust hood. A diagram of the
hot-air dryer is shown in Fig. 1.
Drying experiment. The hot-air dryer was
installed in an environment with 30% relative air
humidity and an ambient air temperature of
about 28°C. The air velocity through the dryer
was controlled by the speed of the blower. A
portable handheld multifunction anemometer
TA465 was used to measure the temperature and
air velocity inside the hot-air dryer and the
relative humidity of the environment.
Single layers of thinly sliced carabao mango
were arranged on the tray and was heated at
temperatures of 60–80°C at 10°C intervals every
15 min until constant weight is obtained. The
spaces in between the three rows of the mango
slices ensure that drying air circulates in the
drying chamber and comes in contact with both
sides of the mango slices that conform to the
conditions of thin-layer drying. Before beginning
the experiments, the air dryer system was
preheated in order to achieve a desirable steady
state condition of temperature at constant air
velocity of 0.80 m s–1.
Weighing of air-dried mango slices was done
using a precision balance with an accuracy of
0.01 g. Drying experiments for each temperature
were conducted in triplicate.
Mathematical modeling. The parameters that
will be used in the modeling are the moisture
ratio (MR) and the drying rate (R). The MR
during drying was calculated using Equation 1:

MR 

M  Me
Mi  Me

(1)

where M, Mi and Me are the MC, in g, at any
time t, the initial MC and the equilibrium MC,

respectively. The R was calculated from the
experimental data using Equation 2:

R

WS d X '
A dt

(2)

where Ws is the weight in g, of the dry solid, A is
the surface drying area in m2, X’ is the bulk MC
and t is time. Equation 2 can be rearranged and
integrated. The integral form Equation 3 was
used to obtain the drying time.
t

 dt  
0
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R

(3)

The drying data (MR vs. t) at 60, 70 and 80°C
were fitted into the three mathematical models:
Page Model, Non-linear Decomposition Model,
and Laplace Transform Model. Drying is a
complex process and as a means to simplify the
analysis of the drying kinetics of mangoes,
empirical expressions are used [12].
Mathematical modeling using thin-layer drying
equations are used to evaluate drying time of
products based from experimental data. Models
are often used to study the variables involved
in the process, predict drying kinetics of the
product and optimize the operating parameters
and circumstances [13]. Values of the correlation
coefficient, R2, for Page Model and Non-linear
Decomposition Model, the time constant, tau, 
for the Laplace Transform Model and the total
error for the three models were computed. The
selection of the best model to describe the
drying behavior of mango slices will be based
on the least total error and the goodness of fit
of a model.
The Page Model was successfully used to
describe the drying characteristics of some
agricultural products [10, 14, 15]. The Page Model
[16, 17] that was used in this study was derived
by linearizing the R equation shown in Equation
4.

MR  aekt

n

(4)
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Equation 5 is the linearized form of Equation 4.
(5)
MR  ln a  kt n
The Laplace Transform Model and Non-Linear
Decomposition Model are used for prediction
of the behavior of a system as reduction of
moisture proceeds until it reaches equilibrium
[18]. The Laplace Transform Model was derived
from a material balance of the system in the
experiment. The general material balance states
that the input minus the output of the system is
equal to the rate of accumulation as shown in
Equation 6.

Mi  Mo 

dM
dt

(6)

Equation 6 is then formulated to its Laplace
Transform Model [19], integrated and simplified
forming Equation 7 used in modeling the drying
rate characteristics of the carabao mango slices.

M  Mf Mfe
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The determination of the MR is represented by
the concentration [20] and is represented below
in Equation 9.
n 1

MR  n 1

MRo
n 1
1  (n  1)ktMRo

Determination of drying time to attain 12%
MC. The drying time needed to attain the
needed 12% MC was determined through
Lagrange interpolation. This method generates
nth-order polynomials that pass through (n + 1)
points. These polynomials attempt to produce
interpolation values of increased accuracy by
assuming a curvature in the relationship of the
data. Its general equation is represented by
Equation 10. The three versions are Equations
11–13.
The Lagrange interpolation:
n

f n ( x )   Li ( x ) f ( xi )

(7)

(10)

i 0

The Non-linear Decomposition Model is based
on the differential equation for batch
decomposition as given in Equation 8.

1
1

 ( n  1)kt
C n 1 Co n 1

(9)

First-Order version:

f1 ( x) 

x  x1
x  x0
f ( x0 ) 
f ( x1 )
x0  x1
x1  x0

(11)

(8)

Second-Order version:

f1 ( x) 

( x  x0 )( x  x2 )
( x  x1 )( x  x2 )
f ( x1 )
f ( x0 ) 
( x1  x0 )( x1  x2 )
( x0  x1 )( x0  x2 )


( x  x0 )( x  x1 )
f ( x2 )
( x2  x0 )( x2  x1 )

(12)

Third-Order version:

f3( x ) 
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( x  x1 )( x  x 2 )( x  x3 )
( x  x 0 )( x  x 2 )( x  x 3 )
f ( x0 ) 
f ( x1 )
( x 0  x1 )( x 0  x 2 )( x 0  x3 )
( x1  x 0 )( x1  x 2 )( x1  x 3 )

( x  x 0 )( x  x1 )( x  x3 )
( x  x 0 )( x  x1 )( x  x 2 )
f ( x2 ) 
f ( x3 )
( x 2  x 0 )( x 2  x1 )( x 2  x3 )
( x3  x 0 )( x 3  x1 )( x 3  x 2 )

(13)
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Quality of dried carabao mango. The air-dried
carabao mango slices were stored in sealed
containers made from low density polyethylene
at an ambient temperature of 28°C. The air-dried
samples were set aside for five weeks to check if
browning of the air-dried samples occurs.

RESULTS AND DISCUSSION
Drying behavior. The drying curves (Fig. 2)
show the changes in the experimental data-MR
of the mango slices with drying time at indicated
temperatures (60, 70 and 80°C). The drying of
the thin mango slices exhibited the characteristic
moisture desorption behavior. An initial high rate
of moisture removal was followed by slower
moisture removal in the latter stages. The
characteristic behavior is due to the various
forms in which water is present in food products
[21]. This is a general trend reported for other
food products e.g. mulberry, eggplant, tomatoes,
sweet pepper, and peach slices [22–26].
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Drying Characteristics of Air-Dried Carabao Mango
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Figure 2. The mean drying characteristics of airdried mango slices at different temperatures
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Temperature is one of the main factors that
influence the drying kinetics of carabao mango.
Drying rate has a direct proportional relationship
with temperature making the R faster at elevated
temperature. The shortest drying time to reach
equilibrium moisture was obtained using 80°C
as drying temperature, which only took 570 min.,
followed by 70°C, which took 660 min. and finally,
60°C which took 735 min. The color of dried
mango slices was observed to vary depending
on the temperature. As the temperature
increased, the product became darker in color.
Mathematical modeling. The MR data were
fitted into the three models. The results, namely,
values of the correlation coefficient, R2, for the
Page Model and Non-Linear Decomposition
Model, the time constant, tau,  for the Laplace
Transform Model and the total error for the
three models were recorded and are shown in
Table 1. The best results based on the least total
error were shown by the Laplace Transform
Model at the three temperatures studied. The
Laplace Transform Model yielded notable
accuracy, precisely modeling the data series of
carabao mango slices and predicting its future
behavior. Using visual inspection, the Laplace
Transform Model also gave the best fit as
shown in Fig. 3. Hence, the Laplace Transform
Model may be assumed to represent the thinlayer drying behavior of carabao mango slices.
Similar findings were reported for the air-drying
kinetics of thin slices of coconut meat [19].
Earlier research works reported that the Page
Model represent the drying kinetics of raw
mango slices [7, 27]. Figure 3 shows the
experimental drying kinetic data as they are fitted

Table 1. Summary of Results

60C
70C
80C

Non-linear
Decomposition Model
Total Error n
R2
Total Error
5.7400
1.14 0.9353
2.0536
6.0859
1.19 0.9067
1.3676
6.6387
1.20 0.9469
3.7151

Page Model

Temp.
n
0.75
0.64
0.66

R2
0.9572
0.9570
0.9528

Laplace
Transform Model
 Total Error
59.0
0.3058
41.0
0.4843
37.2
1.6976
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Page Model, 60°C
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temperature.
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Laplace Transform Model, 60°C
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Drying time analysis. The drying time for the
carabao mango slices to reach the desired MC
of 12% at which the growth of microorganisms
is unlikely to occur was significantly affected
by the drying temperature. The Laplace
Transform Model was used to predict the
optimum drying time at which the MC of the
mango slices will be 12%. The drying time was
computed using Lagrange interpolation. The
average drying time to reach 12% MC from the
initial range of 42–50% was 213.43, 149.44 and
139.22 min at drying temperatures of 60, 70 and
80°C, respectively. Table 2 shows the calculated
heating time as predicted by the Laplace
Transform Model. A shorter heating time at 80°C
was utilized to attain a 12% MC in the mango
slices except for 70°C at Trial 3 due to changes
in the surrounding conditions, which affected
the ability of the air to absorb moisture.
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Figure 3. Comparison of the experimental and
predicted values of MR vs. time at 60oC using
the three models
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Observation of the color of the air-dried mango
pulp. The appearances of dark spots that
indicate the growth of microorganism were
monitored by visual inspection from the air-dried
mangoes. With 1-week interval of monitoring, it
was observed that after 5 weeks, browning of
the mango pulp was not evident for all air-dried
carabao mango samples. The retention of the
yellow color of the mango pulp is due to the
removal of water using hot-air drying that inhibits
the growth of microorganisms.

CONCLUSION
Table 2. Calculated drying time at

different treatment temperatures as
predicted by the Laplace Transform
Model
Trial No.
1
2
3
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Temperature
60C
70C
80C
209.51 min 154.67 min 139.28 min
215.24 min 154.28 min 139.21 min
215.54 min 139.96 min 139.17 min

A drying method was developed using a hot-air
dryer to determine the drying kinetics of carabao
mango. The Laplace Transform Model best fits
the drying kinetics of thinly sliced carabao
mango with the least total error and good visual
inspection. The optimum drying temperature
was observed to be at 60°C being more efficient
to produce quality dried carabao mangoes at
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the shortest drying time of 209.51 min to reach a
MC of 12% wet basis.
Nomenclature
M — mass of mangoes and water, g at any time,
t
Me — equilibrium moisture content, g water;
Mi — initial moisture content, g water at t = 0
MR — moisture ratio
MC — moisture content at any time, g water at
any time t
a, k — drying constant
n
— order of the reaction, positive integer
R — drying rate, g of liquid evaporated per sm2 of solid surface
W S — weight of dry solid, g
A — Surface drying area of solid, m2
X’ — bulk moisture content of the solid
X’1 — bulk moisture content at time 0, g of liquid/
g of dry solid at t=0
X’2 — bulk moisture content at time t, g of liquid/
g of dry solid at time t
Greek Letters
t
— residence time, min
Subscripts
f
— final
i, o — initial
e
— equilibrium
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