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A B S T R A C T
The aim of this work was to study the drying kinetics of pequi pulp by convective drying 
at different conditions of temperature (50, 60, 70 and 80 °C) and thickness (0.5, 1.0 and 
1.5 cm) at the air speed of 1.0 m s-1, with no addition of adjuvant. The experimental data of 
pequi pulp drying kinetics were used to plot drying curves and fitted to the models: Midilli, 
Page, Henderson & Pabis and Newton. Effective diffusivity was calculated using the Fick’s 
diffusion model for a flat plate. It was found that, with increasing thickness, the drying 
time increased and, with increasing temperature, the drying time was reduced. The Midilli 
model showed the best fit to the experimental data of pequi pulp drying at all temperatures 
and thicknesses, presenting higher coefficients of determination (R2), indicating that this 
model satisfactorily represents the pequi pulp drying phenomenon. There was a trend of 
increase in the effective diffusivity with the increase in pulp layer thickness and temperature.

Modelagem matemática da secagem da polpa
de pequi e determinação da difusividade efetiva
R E S U M O
Objetivou-se, neste trabalho, estudar a cinética de secagem da polpa de pequi por meio da 
secagem convectiva em diferentes condições de temperatura (50, 60, 70 e 80 ºC) e espessura 
(0,5; 1,0 e 1,5 cm) na velocidade do ar 1,0 m s-1, sem adição de adjuvante de secagem. Com 
os dados experimentais da cinética de secagem da polpa de pequi foram traçadas curvas de 
secagem cujos modelos ajustados aos dados experimentais, foram: Midilli, Page, Henderson 
e Pabis e Newton. Calculou-se a difusividade efetiva utilizando o modelo difusivo de Fick 
para uma placa plana. Constatou-se que, com o aumento da espessura, o tempo de secagem 
aumentou e com o aumento da temperatura o tempo de secagem foi reduzido. O modelo de 
Midilli foi o que melhor se ajustou aos dados experimentais da secagem da polpa de pequi, 
em todas as temperaturas e espessuras, por apresentar maior coeficiente de determinação 
(R²), indicando que este modelo representa satisfatoriamente o fenômeno de secagem da 
polpa de pequi. Foi evidenciado que houve tendência de aumento da difusividade efetiva 
com o aumento da espessura da camada da polpa e com o aumento da temperatura.
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Introduction

Pequi is popularly known as ‘pequi’, ‘piqui’, ‘pequiá’, 
‘amêndoa de espinho’, ‘grão de cavalo’ or ‘amêndoa do Brasil’. 
It adapts to the most diverse ecological conditions, playing an 
important role in the life of the inhabitants of these regions, 
and its fruit can be marketed or even used for consumption. 
It has high value as food, timber, medicine, ornamental and 
in the production of honey and oil, among others (Damiani 
et al., 2013; Carlos et al., 2014).

The obtainment of products from the pequi pulp in 
the market requires techniques and equipment adequate 
to the fruit, besides the knowledge on its chemical and 
physicochemical characteristics. It should be pointed out that 
there are still few studies on the species Caryocar coriaceum 
(Oliveira et al., 2010).

In pulp powders, the quality and lifespan strongly depends 
on the moisture content, which has influence on palatability, 
digestibility, physical structure and handling (Alexandre et 
al., 2007). To reduce the moisture content of the foods, it is 
appropriate to perform the drying process, which, besides 
prolonging the shelf life, significantly reduces the costs of 
certain operations such as packaging, transport and storage, 
which consequently increases the commercial value of the 
product (Resende et al., 2012). However, the selection of the 
conditions of the drying operation (temperature, type of drying 
and time) influences the alterations of the product, given its 
importance to obtain quality products (Aquino et al., 2009).

According to Dionello et al. (2009), the drying characteristics 
of any product, including the evaluation of mathematical 
models that better describe the process, are important in 
the selection and development of equipment and in the 
calculation of the operational costs. In this context, this study 
aimed to verify the mathematical modeling and calculate the 
effective diffusivity of pequi pulp under different conditions 
of temperature and thickness.

Material and Methods

The experiment was carried out at the Laboratory of 
Storage and Processing of Agricultural Products (LAPPA), of 
the Academic Unit of Agricultural Engineering (UAEA), at 
the Center of Technology and Natural Resources (CTRN) of 
the Federal University of Campina Grande (UFCG), located 
in the municipality of Campina Grande-PB, Brazil (7° 15' 18'' 
S; 35° 52' 28'' W; 550 m).

The raw material was pequi (Caryocar coriaceum Wittm) 
pulp and the fruits were purchased in the municipality of 
Crato-CE.

Pequi pulp drying was performed in triplicate, in a 
forced-air oven, at temperatures of 50, 60, 70 and 80 °C, with 
pulp layer thicknesses of 0.5, 1.0 and 1.5 cm, air speed of 1.0 
m s-1 and drying air relative humidity of 20, 13, 8 and 5%, 
respectively. Pequi pulp was evenly spread on stainless-steel 
rectangular trays (24.5 x 16.5 cm) forming a thin layer with the 
different thicknesses. During the drying processes, the trays 
were weighed at regular time intervals until constant weight. 
The experimental data were used to calculate the values of 
moisture ratio according to Eq. 1. After drying, the samples 

were removed from the trays using a stainless-steel spatula and 
ground in a processor to obtain the powder.
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where: 
RX 	 - moisture ratio, dimensionless; 
M 	 - moisture content of the product, d.b.; 
Me 	 - equilibrium moisture content, d.b.; and,
Mi 	 - initial moisture content, d.b.

Table 1 shows the mathematical models fitted to the pequi 
pulp drying curves using nonlinear regression through the 
Quasi-Newton method, employing the computational program 
Statistica 7.0 (Statsoft, 2007).

Table 1. Mathematical models used in the modeling of 
pequi pulp drying

Designation of the model Model Equation

Midilli RX = a exp(–k tn) + b t (2)
Page RX = exp(–k tn) (3)

Henderson & Pabis RX = a exp(–k t) (4)
Newton RX = exp(–k t) (5)

The best model was selected based on the following criteria: 
highest determination coefficient (R²), lowest mean squared 
error (MSE) (Eq. 6) and distribution of residuals.

RX - Moisture ratio of the product, dimensionless; k - Drying constants, min; a, b, n - 
Coefficients of the models; t - Drying time, min
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where:
MSE - mean squared error;
RXpred - moisture ratio predicted by the model;
RXexp - experimental moisture ratio; and,
n 	 - number of observations.

Effective diffusivity or diffusion coefficient (DEF) was 
determined using the Fick’s diffusion model for a flat plate 
with n = 4, according to Eq. 7.
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where:
RX 	 - moisture ratio, dimensionless; 
DEF 	 - effective diffusivity, m2 s-1;
L0 	 - pulp thickness, cm; 
n 	 - number of terms of the equation; and,
t 	 - time, s.

Results and Discussion

Table 2 shows the adjustment parameters of the mathematical 
models Midilli, Page, Henderson & Pabis and Newton fitted to 

(1)

(6)
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Table 2. Adjustment parameters of the mathematical models Midilli, Page, Henderson & Pabis and Newton with their 
respective determination coefficients (R²), mean square errors (MSE) and distribution of residuals (DR) of pequi pulp drying

Midilli

Temperature

(°C)

Thickness

(cm)

Parameter
R² MSE DR

a k n b

50

0.5 1.004918 0.004169 1.039939 0.0000043 0.9998 0.0041 R

1.0 1.002925 0.002403 0.963626 0.0000045 0.9999 0.0025 R
1.5 1.004305 0.001900 0.949034 0.0000151 0.9996 0.0065 R

60

0.5 0.996313 0.003075 1.147929 0.0000015 0.9995 0.0080 R

1.0 1.006790 0.002902 0.972331 0.0000088 0.9998 0.0042 R
1.5 0.998946 0.001693 1.005139 0.0000101 0.9993 0.0092 R

70
0.5 1.003900 0.007777 0.950425 0.0000344 0.9994 0.0080 R
1.0 0.998197 0.002706 1.021224 0.0000057 0.9998 0.0041 R

1.5 0.997718 0.002538 0.950097 0.0000204 0.9994 0.0082 R

80

0.5 0.994366 0.004459 1.130913 0.0000262 0.9995 0.0076 R

1.0 1.011354 0.004986 0.969348 0.0000111 0.9997 0.0056 R
1.5 0.996040 0.001711 1.052688 0.0000144 0.9990 0.0113 B

Page

k n R² MSE DR

50
0.5 0.003988 1.046346 0.9998 0.0049 R
1.0 0.002192 0.979647 0.9998 0.0041 R

1.5 0.001370 1.006649 0.9989 0.0119 R

60

0.5 0.003250 1.137617 0.9995 0.0081 R

1.0 0.002419 1.004247 0.9996 0.0064 R
1.5 0.001370 1.043261 0.9993 0.0096 R

70
0.5 0.006714 0.983504 0.9989 0.0108 B
1.0 0.002653 1.026659 0.9998 0.0051 B
1.5 0.002044 0.994149 0.9988 0.0123 B

80
0.5 0.004507 1.133170 0.9993 0.0091 R
1.0 0.004109 1.004468 0.9995 0.0075 R

1.5 0.001634 1.064927 0.9985 0.0139 R

Henderson & Pabis

A k R² MSE DR

50
0.5 1.014394 0.005170 0.9997 0.0059 R
1.0 0.996050 0.001925 0.9998 0.0047 R
1.5 0.998777 0.001423 0.9989 0.0118 B

60
0.5 1.032290 0.006694 0.9978 0.0170 R
1.0 1.002539 0.002493 0.9997 0.0063 R

1.5 1.009701 0.001819 0.9990 0.0114 R

70

0.5 0.993999 0.006130 0.9989 0.0109 R

1.0 1.004414 0.003103 0.9996 0.0064 B
1.5 0.991072 0.001943 0.9989 0.0114 R

80
0.5 1.030761 0.008771 0.9971 0.0187 R
1.0 1.005071 0.004243 0.9996 0.0071 R

1.5 1.010933 0.002451 0.9977 0.0173 R

Newton

k R² MSE DR

50

0.5 0.005054 0.9994 0.0087 R

1.0 0.001938 0.9998 0.0051 R
1.5 0.001425 0.9989 0.0118 R

60
0.5 0.006387 0.9962 0.0223 R
1.0 0.002481 0.9996 0.0064 R

1.5 0.001790 0.9988 0.0126 R

70
0.5 0.006187 0.9989 0.0112 B
1.0 0.003080 0.9996 0.0068 B

1.5 0.001973 0.9987 0.0124 B

80

0.5 0.008402 0.9956 0.0231 R

1.0 0.004208 0.9995 0.0075 B
1.5 0.002407 0.9974 0.0182 B

the experimental data of pequi pulp drying kinetics at different 
temperatures (50, 60, 70 and 80 °C) and thicknesses (0.5, 1.0 
and 1.5 cm) with the respective determination coefficients (R²) 
and mean squared errors (MSE).

The Midilli model showed the best fit to the experimental 
data of pequi pulp drying at all temperatures and thicknesses, 
with the highest determination coefficients (R²) ranging 

between 0.9990 and 0.9999, the lowest mean square errors 
(MSE) ranging between 0.0025 and 0.00113, and random 
distribution of residuals, which indicates that this model 
satisfactorily represents the phenomenon of pequi pulp drying.

The mathematical models of Page, Henderson & Pabis 
and Newton also showed good fits to the experimental data of 
drying, with determination coefficients (R²) higher than 0.98 

R - Random; B - Biased
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and mean square errors (MSE) below 0.03, and can be used to 
predict pequi pulp drying kinetics. In general, all tested models 
fitted well to the experimental data and can be used to estimate 
the curves of pequi pulp drying kinetics, but the Midilli model 
showed the best results.

Regarding the parameter k (drying constant) of the models 
of Page, Henderson & Pabis and Newton, it showed trend of 
decrease with the increment of layer thickness for a constant 
temperature. This behavior was expected because, with 
the increment in thickness, the drying rate decreases and, 
consequently, k also decreases. The phenomenon of reduction in 
the drying rate with the increment in thickness must be mostly 
related to the resistance found by the moisture in the migration 
from the inside to the surface of the sample (Pires et al., 2014). 
For the model of Newton, there was a trend of increase in k 
with the increment of temperature, for the studied thicknesses. 
Corrêa et al. (2010) dried coffee and observed that the drying 
constant k increases with the increment of temperature, since 
higher temperatures lead to higher drying rates.

The k value depends on the type of product, temperature 
and relative air humidity (Carlesso et al., 2007). The values of 
this parameter for the Page model are within the range from 
0.00137 to 0.00671 min-1, for Newton between 0.00142 and 
0.00840 min-1, and for Henderson & Pabis from 0.00142 to 
0.00877 min-1. Lower k values were found by Sousa et al. (2011) 

in the mathematical modeling of ‘oiti’ pulp drying kinetics at 
temperatures of 50, 60 and 70 °C, for the models of Midilli and 
Page, with k values from 0.0001 to 0.0007 min-1 for the former 
and from 0.0002 to 0.0006 min-1 for the latter.

The constant n of the models of Midilli and Page did not 
show defined trend with the increase of temperature and 
thickness, exhibiting values from 0.949034 to 1.147929. Perez et 
al. (2013) claimed that the parameter n is related to the internal 
resistance of the material to the drying. Values of n within this 
range were found by Baptestini et al. (2015), evaluating the 
thin-layer drying kinetics of soursop foam at temperatures of 
40, 50, 60, 70 and 80 °C, air speed of 5.6 m s-1 and thickness of 
0.5 cm. These researchers observed values of n ranging between 
0.9829 and 1.2400 for the Midilli model and between 1.0536 
and 1.2340 for the Page model, with no defined trend with the 
increase of temperature.

Values of n close to the ones of the present study were 
reported by Munhoz et al. (2014) evaluating the drying kinetics 
of ‘bocaiuva’ at temperatures of 60 and 70 °C with air speed of 
0.5 m s-1, in which the Page model provided the best description 
of the drying, with n values of 0.877 and 1.054.

Figure 1 illustrates the curves fitted with the Midilli model 
to the experimental data of pequi pulp drying kinetics at 
temperatures of 50, 60, 70 and 80 °C, and pulp layer thicknesses 
of 0.5, 1.0 and 1.5 cm.

Figure 1. Curves of pequi pulp drying kinetics fitted with the Midilli model at temperatures of 50 (A), 60 (B), 70 (C) 
and 80 °C (D)
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The Midilli model was considered as the one that best fitted 
to the experimental data in the prediction of pequi pulp drying 
curves. It was observed that the pequi pulp drying processes 
occurred in the period of decreasing rate. This period is driven 
by the diffusion mechanism, which consists in the removal of 
water from the inside of the pulp to the exposed surface. In 
this case, the internal heat transfer of the water conducts and 
fixes the drying rate (Perez et al., 2013; Baptestini et al., 2015). 

For pequi pulp drying at temperatures of 50, 60, 70 and 
80 oC (Figure 1), there was influence of pulp layer thickness 
and the drying time increased as thickness increased. Water 
losses are higher in the beginning of the drying process, after 
which the losses decrease with consequent reduction in the 
drying rate. A similar behavior was observed by Galdino et 
al. (2016) in the foam-mat drying of atemoya pulp at different 
temperatures (60, 70 and 80 °C) and thicknesses (0.5, 1.0 and 
1.5 cm).

Table 3 shows the mean values of effective diffusivity (Def), 
obtained in the pequi pulp drying with thicknesses of 0.5, 1.0 
and 1.5 cm at temperatures of 50, 60, 70 and 80 °C.

The effective diffusivity of pequi pulp under the different 
drying conditions varied from 0.93 x 10-8 to 3.93 x 10-8 m2 s-1. 
The values of effective diffusivity obtained in the present 
study were on the order of 10-8. Wilson et al. (2012) evaluated 
the effective diffusivity of mango pulp powder at different 
temperatures (65, 75 and 85 °C) and observed a variation from 
1.53 to 2.63 x 10-8 m2 s-1. Kadam & Balasubramanian (2011) 
evaluated the effective diffusivity of tomato pulp powder dried 
at temperatures of 60, 65 and 70 °C added of albumin (5, 10 
and 15%), whose values were within the range from 2.026 to 
3.039 x 10-8 m2 s-1; these results are consistent with those found 
for pequi pulp powder.

There is a trend of increase in the effective diffusivity with 
the increment of pulp layer thickness and with the increment 
in temperature. The effective diffusivity is influenced by the 
temperature and drying air speed. The increase of these 
parameters causes increment in the effective diffusivity, because 
it directly influences the removal of water from the product 
(Silva et al., 2009; Deamici et al., 2016).

In general, with the increase of temperature, there is an 
increment in the drying rate and, consequently, in the effective 

diffusivity, thus increasing the efficiency of water removal 
from the pequi pulp. Santos et al. (2014) demonstrated that 
this behavior occurs due to the increase in the vibration level 
of the water molecules, contributing to a greater diffusion of 
the fluid material. Another hypothesis for this behavior is that, 
with the increment of temperature, water viscosity decreases, 
favoring the movement of this fluid from the product to 
the drying air, leading to the increase in the diffusion of the 
water of the product (Goneli et al., 2014). The increment of 
temperature increases the effective diffusivity also because of 
the increase in the vapor pressure inside the sample (Gupta & 
Alam, 2014). The determination coefficients (R²) were higher 
than 0.91, demonstrating that the Fick’s model for a flat plate 
satisfactorily fitted to the experimental data.

Conclusions

1. The Midilli model showed the best fit to the data, highest 
determination coefficients and lowest mean square errors.

2. The effective diffusivity increased with the increment 
in drying temperature and with the increment in pulp layer 
thickness.
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