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Porous Materials Drying Model Based
on the Thermodynamics of Irreversible
Processes: Background and Application

A. G. Barbosa de Lima, J. M. P. Q. Delgado, V. A. B. de Oliveira,
J. C. S. de Melo and C. Joaquina e Silva

Abstract This chapter focuses on the heat and mass transfer (drying) in
capillary-porous bodies using both the mechanistic and non-equilibrium thermo-
dynamic approaches. A new coupled mathematical modeling to predict heat and
moisture (liquid and vapor) transfer in wet capillary-porous bodies with particular
reference to prolate spheroidal solids is presented and discussed. The mathemat-
ical model is based on the thermodynamics of irreversible processes by consid-
ering variable transport coefficients and equilibrium or convective boundary
conditions at the surface of the solid. All the partial differential equations pre-
sented in the model have been written in prolate spheroidal coordinates. The
finite-volume method has been used to obtain the numerical solution of the
governing equations. Application has been done to wheat kernel drying and
comparison between predicted and experimental data has showed good agreement.
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1 Introduction

The diffusion phenomenon occurs in many industrial processes, such as drying,
wetting, heating and cooling. These processes have been applied to preservation
and conservation of different biological products, mainly foodstuffs (grains, fruits,
vegetables, etc.) well known as hygroscopic capillary-porous bodies.

Drying is one of the most important processes used in the processing of foods
and in the storage of grains. This process consists of the partial transfer of the
liquid part (usually water) of a wet solid. The drying process can also be explained
as a process of heat and mass transfer that generates the removal through evap-
oration of part of the moisture contained in the product [1] and takes place
simultaneously with geometrical variations (shrinkage, dilation and deformation)
and physical and micro-structural modifications (color, flavour, appearance,
nutrients, germination, depending on the product species). Drying differs from
other separation techniques due to the movement of the molecules, which in this
case is obtained by a mass transfer of the liquid and/or vapor due to the difference
in partial pressure of the steam between the surface of the solid to be evaporated
and the air that surrounds it. In the case of foods, water must be removed from the
moist material up to a level where deterioration provoked by microorganisms can
be minimised, in order to maintain quality characteristics these products that
determine its acceptance and commercialization. However, drying rate is affected
by many factors such as velocity, temperature and relative humidity of air, type of
solid and dryer, drying method and initial moisture content of solid.

For accurately describe moisture migration within biological products, mainly
foodstuffs (grains, fruits, vegetables, etc.) and to explain the effects of drying on
the quality of the material, the heat and moisture transfer within a individual
particles must be understood and accurately represented by a mathematical model.
From a review of the literature, it is noted that several researches prefer the
diffusion model applied only to known geometric shapes specifically: plates,
cylinders, spheres and parallelepipeds [2–5], and for prolate and oblate spheroidal
bodies [6–14] with specified boundary conditions and constant thermo-physical
properties assuming moisture migration inside the solid by liquid or vapor diffu-
sion only. However, other researchers shown that the moisture migrates in both
liquid and vapor phases can occur within the solid, due to concentration gradients,
partial vapor-pressure gradients, capillary forces, differences in total pressure and
gravity [1, 15–27].

According to Luikov [19], transfer of vapor and inert gas can take place by
molecular means in the form of diffusion and by molar means due to filtration
motion of the whole steam-gas mixture within the porous body under the influence
of a fall in aggregate pressure. Therefore, the derivation of a model of mass
transfer in capillary-porous bodies on the basis of molecular and molar transfer
mechanism presents great difficulties. In this sense, Fortes [1], Fortes and Okos
[24], Fortes et al. [28] present a set of transport equations that incorporates most of
the models presented in the literature by combining the mechanistic and
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irreversible thermodynamics approaches to describe heat and mass transfer in
porous media. In the model is postulated to be valid the Gibb’s equation, linear
phenomenological laws, Onsager’s fundamental theorem, Curie’s principle and
local thermodynamic equilibrium. Based on the thermodynamic concept only, the
authors has proposed that the driving-force for moisture migration in the liquid and
vapor phases is the local equilibrium moisture content gradient instead of the
moisture content as reported in the literature (Fick’s second law of diffusion).
Thus, water may migrates from region of lower to higher moisture content, since
the region of higher moisture content is at a lower equilibrium moisture content
and the temperature gradient term is greater than the equilibrium moisture content
gradient term and favors this movement. Under isothermal condition, water always
moves from regions of higher to lower equilibrium moisture content. As related by
Fortes and Okos [24] all the physical parameters cited in the model can be
obtained from experimental techniques.

How complement for these researches, in this chapter, a two-dimensional
numerical analysis is performed for simultaneous heat and mass (liquid and vapor)
transport in bodies with ellipsoidal shape, using the Fortes and Oko’s theory (non-
equilibrium thermodynamic approaches).

2 The Macroscopic Governing Equation

2.1 General Distributed Model

In the model which will be presented here, the following considerations were
made:

(a) The solid is considered to be homogeneous and continuum;
(b) The shape of solid is approached to be an ellipsoid of revolution;
(c) The body is axially symmetric around z-axis;
(d) The solid is composed of water in liquid and vapor phases and solid matter;
(e) The shrinkage and dilation are neglected;
(f) The unique mechanism of drying is diffusion;
(g) Convection phenomenon within the solid is negligible.
(h) Moisture migration (liquid and vapor) due to gravity is negligible;
(i) The liquid and vapor diffusion phenomenon occurs under falling drying rate;
(j) Thermo-physical properties are variables during drying process;
(k) The moisture content and temperature fields are considered symmetric around

z-axis at any time and constant in the beginning of the process;
(l) The phenomenon occurs under equilibrium or convective boundary condition

at the surface;
(m) No energy and mass generation occurs within the solid.

Porous Materials Drying Model 3



2.1.1 Mass Diffusion Model

The moisture transport within the solid was assumed to be in the liquid and vapor
states and governed by the transient liquid and vapor diffusion equation. For the
model of mass transfer inside the wet porous solid we have the following equations
[1, 24, 27, 28]:

• Liquid flux:

J
!

‘ ¼ �q‘k‘Rv‘nHrT � q‘k‘
RvT

H

oH

oM
rM þ q‘k‘ g! ð1Þ

• Vapor flux:

J
!

v ¼ �kv qvo
oH

oT
þ H

dqvo

dT

� �
rT � kvqvo

oH

oM
rM þ Hkvqvo

TRv

� �
g! ð2Þ

where M (dry basis) should be taken as the equilibrium moisture content in
any location inside the porous media. In this equations ~g is the
gravitational acceleration vector; H is the relative humidity; kl is the
liquid conductivity; kv is the vapor conductivity; RV is the universal gas
constant as applied to air; T is the air temperature; q is the density.

Assuming that no ice is present, that the mass of air is neglected, and that mass
of vapor is neglected in comparison with the mass of liquid (but not its flux) [19],
one mass balance in an differential control volume leads to:

o qsMð Þ
ot

¼ �r � J
!

‘ þ J
!

v

� �
: ð3Þ

2.1.2 Heat Conduction Model

For the model of heat transfer inside the wet porous solid, we have the following
energy equation [1, 24, 27, 28]:

o

ot
qscbTð Þ � o

ot
qsLwMð Þ ¼ �r � J

!
q �r � Lv J

!
v

� �
� J
!

‘ � c‘rT � J
!

v � cvrT ð4Þ

where the c is the specific heat; Lw is the specific differential heat of wetting and
Lv is the specific latent heat of vaporization. The heat flux is given by:

J
!

q ¼ � kTrT � q‘k‘Rv‘nH þ kv qvo
oH

oT
þ H

dqvo

dT

� �� �
RvT2

H

oH

oM
rM

þ T q‘k‘Rv‘nH þ kv qvo
oH

oT
þ H

dqvo

dT

� �� �
g!

ð5Þ
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where kT is the thermal conductivity. More details about the notation may be
found in the references cited in the text.

2.2 Conservation Equations Applied to Prolate Spheroidal
Solids

For better understanding of the problem treated herein, we must consider the
diffusion phenomenon in an ellipsoid of revolution, in which the axis of revolution
is greater than the other axis as pictured in Fig. 1. In this case it is said to be
prolate spheroid, while, if the axis of revolution is smaller than the other, it is
called oblate spheroid. Further, if the axis of revolution is equal to the other axis,
the solid is called sphere.

Based in the shape of the solid to be studied (Fig. 1), is better to use a new
orthogonal coordinate system n, g, f instead of the Cartesian coordinate x, y and z.
In the case of the body with ellipsoidal geometric shape, an adequate coordinate
system is the prolate spheroidal coordinate system (Fig. 2). The mathematical
relations between Cartesian and prolate spheroidal coordinate systems are given by
[29–31]:

x ¼ L
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� n2	 


g2 � 1ð Þ
q

f ð6Þ

y ¼ L
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� n2	 


g2 � 1ð Þ
q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� f2	 
q
ð7Þ

z ¼ L n g ð8Þ

where n = cosh l; g = cos /; f = cos x and L = (L2
2 - L1

2)1/2 is the focal
length.

According to Fig. 2, the surfaces n = no (constant), no [ 1 is an elongated
ellipsoid of revolution with major axis of length Ln and minor axis of length
L(n2 - 1)1/2. The surfaces n constant are a confocal family of prolate spheroids
having their common center at the origin. The degenerate surface n = 1 is the
curve that link the center (z = 0) to the focal point (z = L). The surface g = go

(constant), go \ 1, is a hyperboloid of revolution of two sheets with an asymptotic
cone whose generating by line passes through the origin and is inclined at the
angle / = cos-1g to the z-axis. The degenerate surface g = 1 is part of the axis
z [ L.

Then, calculating the metric coefficients of the transformation of coordinates,
the volume of the body, the gradient and the Laplacian for the new coordinate
system, utilizing the symmetry around the z-axis, q/qx = 0 ) q/qf = 0 and using
the considerations presented, the governing mathematical equations can be for-
mulated in the prolate spheroidal coordinate system [6, 8, 9, 15–17, 29].

Porous Materials Drying Model 5



The mass transfer equation, Eq. (3), written in prolate spheroidal coordinates is:

oðqsMÞ
ot

¼ 1

L2 n2 � g2
	 
 o

on
n2 � 1
	 


CU
1

oM
on

� �
þ o

og
1� g2
	 


CU
1

oM
og

� �� �

þ 1

L2 n2 � g2
	 
 o

on
n2 � 1
	 


CU
2

oT
on

� �
þ o

og
1� g2
	 


CU
2

oT
og

� �� � ð9Þ

Fig. 1 Geometrical
parameters and shape of a
prolate spheroidal solid

η constant

ξ constant

y

z

η=1

η=0

L ξ=1

ξ>1

Rotation axis
to angle ω ζ

Fig. 2 Prolate spheroidal
coordinate system
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where

Cu
1 ¼ q‘k‘

RvT
H

oH
oM

� �
þ kvqv0

oH
oM

� �� �
; ð10Þ

Cu
2 ¼ q‘k‘Rv ln Hð Þ þ kv qv0

oH
oT
þ H

dqv0

dT

� �� �
; ð11Þ

To complete the mathematical formulation, the following initial and boundary
conditions are used:

• Free surface: the mass diffusive flux is equal to the mass convective flux at the
surface of the solid.

~J‘ þ~Jv

	 

n¼nf

 ¼ hm Mn¼nf
�Me

	 

ð12Þ

where nf = L2/L at the surface
• Planes of symmetry: the angular and radial gradients of moisture content are

equals to zero at the planes of symmetry.

oM n; g ¼ 1; tð Þ
og

¼ 0 ð13Þ

oM n; g ¼ 0; tð Þ
og

¼ 0 ð14Þ

oM n ¼ 1; g; tð Þ
on

¼ 0 ð15Þ

• Initial condition in the interior of the solid

Mðn; g; t ¼ 0Þ ¼ Mo ð16Þ

The average moisture content of the body at any instant was calculated as
follows:

M ¼ 1
V

Z
V

MdV ð17Þ

where V is the volume of the ellipsoidal body calculated as follows:

V ¼ 4
3
pL2L2

1 ð18Þ

The energy equation, Eq. (4), written in prolate spheroidal coordinates is:
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o

ot
qscbTð Þ � o

ot
qsLwMð Þ ¼ 1

L2 n2 � g2
	 
 o

on
n2 � 1
	 


CU
3

oT
on

� �
þ o

og
1� g2
	 


CU
3

oT
og

� �� �

þ 1

L2 n2 � g2
	 
 o

on
n2 � 1
	 


CU
5

oT
on

� �
þ o

og
1� g2
	 


CU
5

oT
og

� ��

þ o

on
n2 � 1
	 


CU
4

oM
on

� ��
þ 1

L2 n2 � g2
	 


þ o

og
1� g2
	 


CU
4

oM
og

� �
þ o

on
n2 � 1
	 


CU
6

oM
on

� �
þ o

og
1� g2
	 


CU
6

oM
og

� �� �

þ CU
7

L2 n2 � g2
	 
 n2 � 1

	 
 oT
on

� �2

þ 1� g2
	 
 oT

og

� �2
" #

þ CU
8

L2 n2 � g2
	 
 n2 � 1

	 
2oT

on
oM
on
þ 1� g2
	 
 oT

og
oM
og

� �

ð19Þ

where
CU

3 ¼ kT; ð20Þ

CU
4 ¼ q‘k‘Rv‘n Hð Þ þ kv qv0

oH
oT
þ H

dqv0

dT

� �� �
RvT2

H

�
oH
oM

�
; ð21Þ

CU
5 ¼ Lvkv qv0

oH
oT
þ H

dqv0

dT

� �
; ð22Þ

CU
6 ¼ Lvk

v
qv0

oH
oM

� �
; ð23Þ

CU
7 ¼ c‘q‘k‘Rv‘n Hð Þ þ kvcv qv0

oH
oT
þ H

dqv0

dT

� �� �
; ð24Þ

CU
8 ¼ c‘q‘k‘

Rv

H
oH
oM

� �
þ kvcvqv0

oH
oM

: ð25Þ

The initial and boundary conditions are:

• Free surface: the heat convective flux supplied to the body surface equals to the
heat diffusive flux plus the energy necessary to evaporate the liquid water and
to heat the vapor produced at the surface of the prolate spheroid from surface
temperature to the drying-air temperature.

~Jq n¼nf

 ¼ hc Ta � Tn¼nf

� �
þ Lv~J‘ þ ~J‘ þ~Jv

	 

cv Ta � Tn¼nf

� �
ð26Þ

• Planes of symmetry: the angular and radial gradients of temperature are equals
to zero at the planes of symmetry.
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oT n; g ¼ 1; tð Þ
og

¼ 0 ð27Þ

oT n; g ¼ 0; tð Þ
og

¼ 0 ð28Þ

oT n ¼ 1; g; tð Þ
on

¼ 0 ð29Þ

• Initial condition inside the solid

T n; g; t ¼ 0ð Þ ¼ T0 ¼ cte ð30Þ

The average temperature of the body during diffusion phenomenon was cal-
culated as follows:

�T ¼ 1
V

Z
V

TdV ð31Þ

This heat and mass transfer model is interesting and complex because it incor-
porates the mechanistic [32–35] and the irreversible thermodynamic approaches
[18, 19, 21, 36, 37]. More details about the heat and mass transfer model reported
here may be found in Fortes [1], Fortes et al. [28] and Oliveira [38].

3 Computational Strategy for Solution of the Governing
Equations and Simulation

Various numerical methods have been used to solve the problem of transient
diffusion, such as, finite-difference, finite-element, boundary-element and finite-
volume methods. Several discussions may be encountered in previous reports
[39–42]. In particular, in this work, we used the finite-volume method. In the
simulation of diffusion phenomenon in prolate spheroids was utilized a certain
domain, due to the symmetry of the body. Assuming fully implicit formulation,
the Eqs. (9) and (17) were integrated in the volume and time. How results the
following discretization equation was obtained:

APUP ¼ AEUE þ AWUW þ ANUN þ ASUS þ Ao
PUo

P þ B ð32Þ

where U represents M or T and B is the source term. Details about the discreti-
zation procedure can be found in the references cited in the text.
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Equation (32) constitutes a set of linear algebraic equation which must be
solved, in order for obtain the kinetic values and distribution of the potential U
inside the solid at any instant. The method employed to solve it was the Gauss-
Siedel iterative method. Convergence was assumed to have been reached when the
following absolute value is obtained in all nodal points:

Ukþ1 � Uk
 � 10�8 ð33Þ

where U represents M or T and k represent kth iteration.
In the discretization, the interface properties and non linearity (source-term

linearization) were treated according to Patankar [40] and Maliska [41]. A com-
putational code utilizing the Mathematica� commercial software was written to
solve the set of equations for the moisture content and temperature profile and to
determine the average moisture content and temperature.

The application of the finite-volume numerical method is seriously affected by
the Dt values and the number of grid points utilized in the numerical calculations.
In order to verify grid size and time step independence, results were obtained with
four grid sizes and time steps. After this study, it was chosen a mesh with 20 9 20
nodal points and Dt = 1 s to be used in the iterative scheme. Figure 3 shows the
numerical grid generated.

According to Lima and Nebra [6], for prolate spheroids, the shape of the mesh
varies with L2/L1. When L2/L1 ? ?, the focal point is dislocated to the surface of
the body; the inverse occurs for L2/L1 ? 1, when the focal point tends to coincide
with the geometrical center of the body. On the zy plane (physical plane), the
control volumes are not uniformly spaced, presenting a higher concentration near
the surface of the body relative to n (radial coordinate), and on the y axis relative
to g (angular coordinate). Then, an irregular grid is obtained; however, in the ng
plane (computational plane), we have a regular grid. This regular grid has the
property that the ratio of lengths of any two adjacent intervals is a constant and
equal to one. Just in this plane all the numerical calculations are performed.

In the numerical stability analysis performed, only the finite-volume approach
inside the solid was considered, and we does not have mechanisms to predict the
influence of the boundary conditions on the numerical stability. The boundary
values have large influence on grid spacing only at the nodal points immediately
near the surface of the body, in spite of the elliptic character of Eqs. (9) and (19).

4 Application

4.1 Physical Problem Description: Wheat Grain Drying

Several biological products has shape approximately ellipsoidal, in the particular
case, prolate spheroidal. As examples, we can cite rice, wheat, orange, silkworm
cocoon and banana. The problem of heat and mass transfer in a prolate spheroid it

10 A. G. Barbosa de Lima et al.



is of great interest because, it represents a high degree of precision of the problem
in comparison to the approach this problem for cases of sphere or cylinder as used
today. Since that sphere and cylinder are particular cases of prolate spheroids, it is
now unnecessary to repeat the complex derivation for each different geometric
shape.

Grain drying and storage are of great importance to the agricultural industry.
Each year large quantities of grains are dried and placed in storage. The removal of
moisture from agricultural crops has been subject of considerable research.

Wheat is a cereal crop produced worldwide; today it is grown all over the
world, with different varieties shown according to the various climates.

Globally, wheat is an important human energy source and is one of the major
staple foods because of its agronomical adaptability, ability of its flour to be made
into various food material and ease of storage [43]. Wheat grain must be dried to
13.5 percent for immediate sale since over drying reduces the total weight of grain
to be sold. However, if wheat is to be stored for any period of time, it is dried to 12
to 12.5 percent moisture content to prevent spoilage.

Wheat production is a direct function of high yielding varieties, chemical,
fertilizers, mechanization and other energy inputs [44]. In Brazil, the average
annual production of wheat in 2011 comes to about 5.69 million tones, against
World’s average of 701.40 million tones in the same year. Thus, Brazil presents a
reduced contribution to the World wheat production. In the year 2011, the area
under wheat cultivation in Brazil, comes to about 2.17 million ha which is many
reduced in comparison with the World’s wheat area [45].
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Now, based on the information cited before, as an application we use the
modeling reported here to predict drying of wheat grain using two boundary con-
ditions: equilibrium (model 1) and convection (model 2) at the surface of the solid.

4.2 Experimental Data

Fortes et al. [28] report an experimental drying study of soft red winter wheat
(Arthur). The apparatus used for drying consisted of a climate chamber with
electric heaters, which allowed the temperature to be adjusted and controlled up to
150 �C. From this research were obtained average moisture content and centre
temperature data of wheat kernel. Other details about the experimental procedure
can be found in [28].

Herein, the following thermo-physical properties and geometrical parameters of
wheat grain were used in the drying simulation:

• Saturated vapor density [28]

qvo ¼ ð2:54� 108=TÞ expð�5200=TÞ kg/m3
	 


ð34Þ

valid in 283:15� T � 363:15 K
• Water density [28]:

q‘ ¼ 1000 kg/m3

• Dry solid density [28]:

qs ¼ 1265 kg/m3

• Heat of vaporization of water in the wheat kernel [28]:

Lo ¼ 3:11� 106 � 2:38� 103T J/kgð Þ ð35Þ

Lw ¼ RvT2=H � oH=oT J=kgð Þ ð36Þ

Lv ¼ Lw þ Lo J=kgð Þ ð37Þ

valid in 273:15� T � 363:15 K. In the Eqs. (35)–(37) Lo represent the heat
of vaporization of free water and Lw is the differential heat of adsorption.

• Isotherm equation (modified Henderson’s equation) [28]:

H ¼ 1� exp �5869T�0:7750M5203T�1:363
	 


decimalð Þ ð38Þ

valid in
0�M� 0:25ðd:b:Þ
298:15� T � 363:15 K

�
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• Thermal conductivity [46]:

kT ¼ 0:1170þ 0:0011319� 100Mð Þ= 1þMð Þ W/m Kð Þ ð39Þ

valid in 0�M� 0:25 ðd:b:Þ
• Liquid and vapor conductivities [28]:

k‘ ¼ a1 � 4:366� 10�18H3 exp �1331=Tð Þ sð Þ ð40Þ

kv ¼ a2 � 6:982� 10�9 T � 273:16ð Þ0:41 H0:1715 � H1:1715
	 


m2=s
	 


ð41Þ

where a1 and a2 are constant to be determined by comparison of predicted
results with experimental data. From Eqs. (40) and (41) both k‘ and kv are
dependent on relative humidity and temperature of air.

• Specific heat of moist wheat [47], and water in the liquid and vapor phases
[46].

cb ¼ 1:394þ 0:0409 100Mð Þ= 1þMð Þ½ � � 10þ3 ðJ= kg Kð Þ ð42Þ

valid in 0�M� 0:25 ðd:b:Þ.

c‘ ¼4218:69 J/kg K

cv ¼1919:85 J/kg K

• Dimensions of wheat kernel [46]:

L1 ¼1:5748 mm

L2 ¼3:2760 mm

By considering the grain like sphere with volume equivalent to the ellipsoid,
convective heat transfer coefficient was obtained as follows [28]:

hc ¼
ka

dp
2þ 0:6R1=2

e P1=3
r

� �
ð43Þ

where ka is the thermal conductivity of the air, dp represents the equivalent
diameter, and Re and Pr are Reynolds and Prandtl numbers, respectively.

Table 1 shows the air and material conditions used in this work.
The liquid and vapor conductivities (parameters a1 and a2) and the convective

mass transfer coefficient were estimated using the least square error technique, as
follows:
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ERMQ ¼
Xn

i¼1

�Mi;Num � �Mi;Exp

	 
2 ð44Þ

�S2 ¼ ERMQ

n� n̂ð Þ ð45Þ

where ERMQ is the least square error, �S
2

is the variance, n is the number of
experimental points and n̂ is the fitted parameters number [48]. The starting point
was the mathematical expression reported by Fortes et al. [28], to kl and kv applied
to wheat by considering it like sphere. These equations were corrected to prolate
spheroidal solid multiplying it by a constant parameter to be obtained by fitting.

4.3 Numerical Results and Analysis

4.3.1 Drying and Heating Kinetics

Figure 4 illustrates predicted results using the cited models compared with
experimental data of the average moisture content obtained during the wheat
drying reported by Fortes et al. [28]. From the analysis of this figure it can be see
that a good agreement was obtained in two used models. Thus, both models
accurately predict well the drying data. However, better results were obtained
when more appropriate convective boundary condition was used (model 2).
Figure 5 shows the average temperature of the wheat during drying process. It is
verified that wheat almost reach the equilibrium temperature in &50 s for model 1

Table 1 Air and wheat experimental conditions used in this work [28]

Air Wheat t
T (oC) H (%) v (m/s) Mo (d.b.) Mfinal (d.b.) Me (d.b.) To (oC) Te (oC) (min)

87.8 5.6 1.71 0.2110 0.127 0.0165 26.0 87.8 1020

Fig. 4 Comparison between
predicted and experimental
dimensionless average
moisture content as a function
of drying time
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and &200 s for model 2, due to the boundary conditions used in this work; these
results are in agreement with experimental data [28]. At these instant the wheat
grain still very moist. The drying practically is starting. This period is so called as
accommodation period of drying.

Figures 6, 7, 8 and 9 illustrate the behavior of the liquid and vapor fluxes at the
surface of the solid along the drying. The numerical results showed that, vapor flux

Fig. 5 Predicted average temperature of the wheat during the drying at 87.8 �C

Fig. 6 Predicted liquid flux at the wheat kernel surface during the drying at 87.8 �C

Fig. 7 Predicted vapor flux
at the wheat kernel surface
during the drying at 87.8 �C
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is dominant at the surface of the solid during the whole drying process in the air
conditions used in this work, in both used models, being higher when more severe
boundary conditions is used (equilibrium boundary condition, model 1). This

Fig. 8 Predicted vapor and
liquid fluxes relationships at
the wheat kernel surface
during the drying at 87.8 �C

Fig. 9 Predicted total mass
flow rate at the wheat kernel
surface during the drying at
87.8 �C
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behavior is resulted of the low initial moisture content of the solid and high drying-
air temperature and lower air relative humidity. When the solid has high initial
moisture content, for example, fruits and vegetables both vapor and liquid
migrations are important within the solid. Thus, an assumption of either liquid or
vapor flux, as the dominant mechanism for moisture migration in wet solid is
unrealistic physically. These comments are in accordance with the literature.
Hartley [49] and Fortes [1] report that the theory suggest and experiments evidence
that such vapor movement can explain many trends observed experimentally in the
drying of moist soils.

From the analysis of these figures and results for heat flux we states that heat,
liquid and vapor fluxes due to temperature gradients are negligible with respect to
those due to equilibrium moisture content gradients for elapsed time more than
200 s. Further, heat flux used to evaporate moisture at the surface of the grain must
not be negligible with respect to the conductive heat flux in the short elapsed time
(first stages of drying).

4.3.2 Moisture Content and Temperature Distributions

The moisture content distribution inside the solid is very important in order to
study the evolution of hydric stress developed in the body due to the high moisture
gradients. Figures 10 and 11 show the moisture content distribution inside the
wheat grain exposed to the drying for 600 and 1000 s, for the models 1 and 2,
respectively. From the analysis of these figures we notice a very similar drying
behavior. It can be seen that the highest moisture content gradients happen near the
surface. There is a strong drying also closed to the focal point. Then, these areas
are more susceptible to have troubles such as cracks and fissures, due to higher
moisture gradients and shrinkage velocity. It can also be seen that a moving
evaporation front occurs from the surface to center of the solid.

Figures 12 and 13 present the temperature distribution inside of the wheat
kernel after having heated up for 10 and 20 s, for the models 1 and 2, respectively.
The highest temperature gradients and dilation velocity happen in the proximity of
the focal point, turning this area more susceptible to thermal stresses, which will
contribute to the appearance of deformations, cracks and fissures, besides sup-
plying to the product the possibility to alter its color, texture and flavor, possibly
reducing its quality. In every drying time, may be observed that the behavior of the
isothermal lines is similar from the presented by the constant moisture content
lines inside the solid. Being compared the temperature gradients with the moisture
content gradients inside the wheat grain (Figs. 10, 11), it can be verified that these
last ones are more pronounced, and the drying occurs practically under isothermal
condition for t [ 50 s of elapsed time. Besides, all liquid water eventually turns
into vapor inside the grain or at the surface, thus varying both the local liquid and
vapor fluxes within the wheat kernel. Further, we states that surface evaporation
velocity is limited by the heat received from the surrounding.
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t= 600s t=1000s

Fig. 10 Predicted moisture
content distribution (dry
basis) inside the wheat kernel
during the drying at 87.8 �C
(Model 1). a t = 600 s.
b t = 1000 s

t= 600s t=1000s

Fig. 11 Predicted moisture
content distribution (dry
basis) inside the wheat kernel
during the drying at 87.8 �C
(Model 2). a t = 600 s.
b t = 1000 s

t=10s t=20s

Fig. 12 Predicted
temperature distribution
(Kelvin) inside the wheat
kernel during the drying at
87.8 �C (Model 1).
a t = 10 s. b t = 20 s
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4.3.3 Transport Coefficients

Table 2 presents the transport coefficients (kl and kv) as well as the residual error
and variance obtained in the simulations. The small variance indicates that both
the models present good agreement with the experimental data, specially model 2.

In general, the comparison between the transport coefficients reported in the
literature is difficult due to the different models and calculation methods used, and
also due to unlike composition and physical and chemical structure of the material.
For an analysis, the values of the liquid and vapor conductivities of wheat-water
system obtained in this work can be compared with those reported by Fortes et al.
[28], in the drying conditions presented in Table 1. Fortes et al. [28] considers the
wheat grain like sphere. As the Fortes and Okos’s model was used in both works,
the difference between the values may be attributed mainly to the factors:
geometry assumptions; boundary conditions and additional convective terms in the
formulation proposed here. Therefore of exposed, due to the good agreement
obtained by comparison, we can say that the model is satisfactory to predict the
liquid and vapor diffusion phenomenon in prolate spheroidal solid.

t=10s t=20s

Fig. 13 Predicted
temperature distribution
(Kelvin) inside the wheat
kernel during the drying at
87.8 �C (Model 2).
a t = 10 s. b t = 20 s

Table 2 Liquid and vapor conductivities and fitting statistical data

This work Fortes et al.
[28]

ERMQ (910-4) �S2 (910-3)

Model Parameters

a1 a2 hm 910+6 (m/s) hc (W/m2K) a1 a2

1 19.61 2.68 Infinity Infinity 1 1 5.7484 1.5494
2 26.08 3.38 2.1 85.4467 1 1 1.40396 0.0054
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During the drying phenomenon, the grain shrinks by moisture removal and
suffers dilation by heating. This modifies the shape of the body, affecting the area
of heat and transfer and modifying the superficial roughness of the material. This
last characteristic provides an increase of the turbulence level in the boundary
layer, favoring this way the change of energy between the air and the material.
These phenomena were not considered here. In addition, we can be said that
although good fit have been obtained in this study, it is necessary to provide more
attention to the quantitative study of superficial area and volume variations during
the dehydration processes, especially in complexes situations, when multi direc-
tional deformations and temperature variations happen simultaneously.

5 Considerations About the Formulation

In this research, we develop generalized heat and mass transfer equations appli-
cable for capillary-porous bodies with ellipsoidal configuration. Then, the model
can be used in several situations such as:

(a) Process of wetting, drying, heating and cooling;
(b) Diffusion of liquid, vapor and heat in sphere, infinite cylinder and prolate

spheroid with the same formulation. In this case it is necessary to change only
dimension L2, for fixed value of L1;

(c) It is possible to treat diffusion problem with variable or constant thermo
physical properties, equilibrium or convective boundary conditions. Changes
in the model is unnecessary;

(d) Under numerical aspect it is possible to use uniform or non-uniform grid.
Formulation reported in the cited references includes these procedures.

(e) No restriction about the nature of the solid (fruits, grains, vegetables, etc.) is
required when it is considered as continuum media.

Limitation is related to chemical transformation and structure inside the solid
and, moderate and high air-drying temperature (where effect of pressure must be
considered). The structure of the porous bodies matrix may vary widely in shape
(cells, fibers or graves, for example), and no uniform distribution of void is really
verified. Besides many substances (mainly fruits and vegetables) undergo thermal
decomposition when they are treated thermally [50]. Diffusion is the only moisture
migration mechanism (capillarity, filtration and adsorption effects, for example,
are not considered separately). Besides others important physical and chemical
aspects such as shrinkage, dilation, browning, hardening, loss of volatile compo-
nents are not considered.
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6 Concluding Remarks

In this chapter, a mathematical modeling to predict heat transfer and moisture
(liquid and vapor) migration in porous bodies with prolate spheroidal shape was
developed. The finite-volume method was employed to solve the governing
equations. Formulation has been applied to predicted wheat grain drying process.
From the analysis of the results, we can conclude that:

(a) The model and the technical used has both great potential, being accurate and
efficient to simulate many practical problems of diffusion such as heating,
cooling, wetting and drying in solids.

(b) The equilibrium moisture content gradient can be considered the main ther-
modynamic force responsible for moisture transport inside the solid.

(c) It is very important to consider the real shape of the body to study diffusion
process.

(d) Highest moisture and temperature gradients inside the ellipsoid of revolution
are found near the surface and around the focal point, being these areas more
susceptible to deformations, cracks and fissures that contribute to quality
reductions of the wet porous solid.

(e) At the surface of the solid and for lower moisture content of wheat, vapor flux
is the dominant migration mechanism. For high moisture content, both liquid
and vapor fluxes are important.

(f) The satisfactory validation of the coupled models describing the drying
phenomena in porous bodies with ellipsoidal geometry and applied to wheat
grain has allowed the estimative of the thermo-physical parameters (liquid
and vapor conductivities) for wheat with good accuracy.

(g) This work shows the facilities of the methodology to be applied for different
spheroidal bodies, by changing the aspect ratio (L2/L1) only, when compared
with the solution of the diffusion problem in sphere and cylinder where in these
last cases, it is necessary diffusion equation applied to each specified geometry.
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13. Cihan, A., Kahveci, K., Hacihafizoğlu, O., Lima, A.G.B.: A diffusion based model for
intermittent drying of rough rice. Heat Mass Transf. 44, 905–911 (2008)
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GBI Method: A Powerful Technique
to Study Drying of Complex Shape Solids

A. G. Barbosa de Lima, J. M. P. Q. Delgado, I. B. Santos,
J. P. Silva Santos, E. S. Barbosa and C. Joaquina e Silva

Abstract This chapter briefly focuses on the theory and applications of drying
process (heat and mass transfer) with particular reference to arbitrarily-shaped wet
capillary-porous bodies. Here, a modeling based on the liquid diffusion theory and
the mathematical formalism to obtain the exact solution of the governing equation
via Galerkin-based integral method are presented. The model considers constant
thermo-physical properties and convective boundary conditions at the surface of
the solid. Applications have been done to different solids of revolution and wheat
grain. Predicted results of the average moisture content, average temperature, and
moisture content and temperature distributions within the porous solids are pre-
sented and discussed, and for particular situations they are compared with
experimental drying data.
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1 Introduction

Drying is a processing operation that play important role in many industries such
as food, pharmaceutical, ceramics, chemical and waste treatment. Drying is the
removal of unbounded water molecules in the liquid and/or vapor phases caused
by a partial pressure difference of water vapor between the surface of the product
to be dried and the air surrounding. It is the process most often used for quality
assurance and stability during storage of biological products such as fruits, veg-
etables and grains, considering that reduced amount of water in the material reduce
both biological activity and deterioration caused by microorganisms, and chemical
and physical changes that occur during storage [1]. In the manufacturing process
of ceramics products, clay minerals, when mixed with water, become highly
plastic (hydroplasticity) and it can be molded easily without cracking. These
physical and chemical characteristics maintain the body shape during handling and
drying. The water added to ceramic clay cover the surface of the clay particle, fills
small capillaries and porous, and causes a separation of particles [2]. After plastic
forming and casting, products must be dried, in order, to removal of the moisture
prior for further processing and/or firing. If this moisture content is not removed,
the extreme temperature in the kiln will force out this water during firing, causing
cracking and until explosion of the product.

Drying is a phenomenon that occurs with simultaneous heat and mass transport
and volume variation (shrinkage by moisture removal and expansion by heating).
During the drying process appear strong thermo-hydro-mechanical stresses which
are caused by the emergence of moisture and temperature gradients within the
body, mainly when the solid has a geometry that disfavor its mechanical strength
as for example tips. Then, to study drying of solids it is important to control and
optimize the process, avoiding damage to the material.

The heat and mass transport within the porous solids had been subject of the
investigation for many years, because of their wide variety of industrial applica-
tions involving drying and wetting, and scientific interest. Because of the com-
plexities of the mechanism involved in the process through the irregular void
configuration within the porous bodies many theories has been proposed to predict
moisture movements into the porous solids. For instance, liquid diffusion theory,
capillary theory, evaporation-condensation theory, Luikov’s theory, Philip and De
Vries’theory, Krischer’s theory, Berger and Pei’s theory, and Fortes and Okos
theory. In the hygroscopic porous bodies the pores are partially filled with liquid
water and partially filled with non condensable gas and water vapor mixture. Thus,
moisture can be transferred both in liquid and in gaseous phases, and the following
possible mechanisms for moisture migration in a porous solid are cited in the
literature: liquid diffusion, vapor diffusion, surface diffusion, effusion flow, ther-
modiffusion, transport by capillary forces, transport by gravity forces, transport by
osmotic pressure, transport due to pressure gradients, and transport due to
shrinkage [1, 3–5]. The liquid diffusion theory has gained the preference of the
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researchers. It considers that the water inside the solid migrates to surface only in
the liquid phase. This assumption facilitates the analysis of the physical problem.

The theoretical treatment to predict moisture removal by drying formally is
based upon the traditional method and start with a potential balance in a differ-
ential control volume with arbitrary shape, in macroscopic scale. The geometry of
the body is one of the factors that are used to establish certain hypotheses in the
description of a physical process. When liquid diffusion theory is used to predict
drying process, the Fick’s second law and the Fourier’s law has been utilized to
predict mass diffusion and heat conduction inside the solid, respectively.

On the basis of many researches in early works, the heat and mass diffusion
within a capillary-porous body can be predicted solving the governing equations
by mean of different techniques such as: numerical (finite-difference, finite-
element, boundary-element and finite-volume), analytical (separation of variables,
Laplace transform and Galerkin-based integral method) and semi-analytical
(Generalized integral transform). For several cases, appropriate considerations and
boundary conditions, and often constant thermo-physical properties for the med-
ium are assumed.

In the literature are cited several works which use common geometry shaped
bodies, such as plates, cylinders and spheres [6–9]. Thus, different numerical
studies in oblate or prolate spheroidal solids are reported in the literature [10–24].
These formal solutions of the diffusion equation has been obtained for various
boundary conditions with constant or variable diffusion coefficient, in homoge-
neous or heterogeneous and isotropic or anisotropic bodies, and in steady or
unsteady cases. However, when we consider one- or two-dimensional geometries
for describe drying of solids with arbitrary shape discrepancies in the drying and
heating kinetics and distribution of moisture and temperature within the solid are
found when compared with experimental results.

For obtaining the analytical solution of the governing transport equation is a
difficult task especially when the solid has an irregular shape. Despite of this
disadvantage, the exact solution of the diffusion equation applied to bodies with
complex geometry and constant or convective boundary conditions are reported in
the literature [25–40]. These mentioned works are directed to study uncoupled heat
and/or mass transfer.

Since, rigorous solutions to the heat and mass diffusion in different geometrical
shapes are essential, for the predictions of both the performance and control of the
processes like heating, cooling, wetting and drying, for examples, so, we notice
that there is a lack of studies that must take into account the heat and mass transfer
in bodies with complex geometric shape, which is necessary in order to describe
more adequately the drying process.

In this sense, this chapter aims to develop a mathematical model and its ana-
lytical solution to predict drying of solids of revolution via Galerkin-based integral
method. Applications have been done to different solids of revolution and wheat
grain (prolate spheroid).
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2 Heat and Mass Transfer Modeling Applied
to Irregularly-Shaped Solids

The complexity of real processes taking place in a capillary-porous materials not
only leads to uncertainties and difficulties with their mathematical formulation, but
also cause considerable problem with the numerical and analytical treatment of
resulting equation. According to Farias et al. [41], in the macroscopic scale, dif-
fusion modeling approach presents like advantages: less mathematics than the
microscopic transport analysis, external effects can be incorporated in boundary
conditions, easy to obtain analytical solution for some particular cases. However,
like disadvantages we can cite: many questionable theoretical assumptions are
required, extrapolation to areas outside region of experimental data are ques-
tionable [42].

A realistic approach of the physical-mathematical model for the drying process
of a solid, it can be influenced by internal and external conditions and mechanism
of moisture migration and heat flux inside the material.

From the transport general equation applied to a infinitesimal control volume,
when source and convective terms are nulls, we obtain the diffusion equation in the
short form expressed as:

o kUð Þ
ot
¼ r � CUrU

� �
ð1Þ

The solution of the diffusion problems for various physical situations of interest
often requires the need to establish certain assumptions in describing the physical
process. One of them is related to the geometry of the body in which occurs the
transport of matter or energy. Here, in order to enable the solution of the physical
issue, the following considerations were taken:

(a) The solid is homogeneous and isotropic;
(b) The distribution of the potential U inside the solid is uniform at the beginning

of the process;
(c) Thermophysical properties are constant throughout the process;
(d) The solid consists of dry substance and water in the liquid phase;
(e) The phenomenon of drying occurs by diffusion of liquid water inside the solid

and by evaporation of water at the surface.

Considering the transport coefficients CU and k constant, the formal solution of
Eq. (1) can be written as follows [27]:

U ¼
XN

n¼1

Cnwne�cnt þ Ue ð2Þ

whereas the Cn, cn and Ue are constants, and Wn is a function independent of time.
Putting Eq. (2) in (1) we obtain:
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o

ot
k
XN

n¼1

Cnwne�cnt þ Ue

" #
¼ r � r CU

XN

n¼1

Cnwne�cnt þ UeÞ
 !" #( )

ð3Þ

Developing the derivative of the Eq. (3) we obtain:

k
XN

n¼1

Cnwn �cnð Þe�cnt ¼
XN

n¼1

Cne�cntr � rðCUwnÞ ð4Þ

By organizing Eq. (4) it can be obtained:

XN

n¼1

r � CUrwn

� �
þ kcnwn

� �
¼ 0 ð5Þ

The specific function Wn is obtained as a linear combination of a set of basis
function, fj, [27] as follows:

wn ¼
XN

j¼1

dnjfj ð6Þ

where dnj are constants which must be determined.
Substituting Eq. (6) into (5) and applying the Galerkin method which consists

in multiplying both members of Eq. (5) by fidV and integrate over the volume of
the solid we obtain [43]:

XN

j¼1

dnj

1
V

Z
V

fir � CUrfj

� �
dVþ kcn

1
V

Z
V

fifjdV

2
4

3
5 ¼ 0 ð7Þ

In matrix form Eq. (7) can be rewrite as follows:

ðAþ cnBÞdn ¼ 0 ð8Þ

where �A and �B are square matrices of N9N elements, whose elements are cal-
culated by the following equations:

aij ¼
1
V

Z
V

fir � CUrfj

� �
dV

2
4

3
5 ð9Þ

bij ¼
1
V

Z
V

kfifjdV ð10Þ
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Coefficients dn1; dn2; . . .; dnN in Eq. (6) are elements of vector �dn in Eq. (8). It
can be observed also that matrix B is symmetrical, so bij ¼ bji. Matrix A is
symmetrical as well.

Since the linear equations originating in Eq. (8) are homogeneous,
c1; c2; . . .; cN can be obtained to make the determinant of the matrix Aþ cB

� �
equal to zero.

Once the eigenvalues, cn, have been determined the values of coefficients dnj

corresponding to each cn can be obtained. Further, since the simultaneous equa-
tions resulting from Eq. (8) are homogeneous, one of the coefficients dnj can be
selected arbitrarily to be equal to 1 without any loss of generality. Therefore, for a
specified dnj, a system of (N-1) equations should be solved to obtain
dn2; dn3; . . .; dnN.

The diffusion equation relates time and space variations of the potential U; it
governs the transfer process within a body. For determine the distribution of U
inside a porous body at any instant, i.e., to solve the diffusion equation, we
necessitate to know the distribution of U at the initial instant (initial conditions),
the geometry of the body, and the law of interaction between the surrounding
medium and the body surface (boundary condition). Thus, we have a well-posed
mathematical model.

In this research we used the identity, Eq. (11) to apply the boundary conditions,

Z
V

fir � CUrfj

� �
dV ¼

Z
V

r � CUfirfj

� �
dV�

Z
V

CUrfi � rfjdV ð11Þ

Since CU is constant, Eq. (11) can be written as follows:

Z
V

fir � CUrfj

� �
dV ¼

Z
S

CUfirfj~n � d~S�
Z
V

CUrfi � rfjdV ð12Þ

or yet,

Z
V

fir � CUrfj

� �
dV ¼

Z
S

CUfi

ofj

on

� �
dS�

Z
V

CUrfi � rfjdV ð13Þ

For analysis consider the following boundary condition, which is a specification
of a linear combination of the values of a function U and the values of its
derivative on the boundary of the domain:

�CU oU
o~n
¼ h U� Ueð Þ ð14Þ

where h represent the convective transfer coefficient and~n is the normal vector to
surface. If h tends to an infinity value we have a so called Dirichlet condition

30 A. G. Barbosa de Lima et al.



(U prescribed). When h tend to zero we have a so called Newmann condition (flux
prescribed), and for another situation we have a so called Robin condition (con-
vective boundary condition).

Appling Eq. (2) in the (14) it is possible to prove that:

�CU ofj

o~n
¼ hfj ð15Þ

For boundary conditions of the 1st kind (U prescribed) fj ¼ 0. For boundary
conditions of the 2nd kind (flux prescribed) we have that ofj=on ¼ 0 already for
the boundary conditions of the 3rd kind (convective boundary condition), we have
�CUofj=on ¼ hfj.

For obtain the constants Cn of Eq. (2) we use the condition at t = 0, i.e.,
U ¼ U0. Then, applying this value in Eq. (2) we obtain the following equation:

U0 ¼
XN

n¼1

CnWn þ Ue ð16Þ

Multiplying Eq. (16) by fi dV and integrating over the volume we obtain [43]:

Z
v

fi U0 � Ueð ÞdV ¼
Z

v

fi

XN

n¼1

CnWndV ð17Þ

The solution of Eq. (17) will be a set of N linear algebraic equations, which
allow determine the parameters Cn, completing the solution of the physical-
mathematical problem.

Function fj is called the Galerkin function and it is obtained by the multipli-
cation of function of position u by an element of a complete set of functions.
Function u is selected satisfying the homogeneous boundary condition. Function fj

with j varying from 1 to N constitutes a set of base functions.
The method to select basis functions for boundary conditions of the first kind,

fj
(1), which correspond to the equilibrium boundary condition at the surface of the

body, is given in the literature [36, 42].
The basis functions of first kind are determined from the first basis function,

which is given by:

f1 ¼ u1u2u3...um ð18Þ

where um ¼ 0 is an equation that describes one of the surfaces of the body, and m
is the number of surfaces that define the body to be studied.

Each base function should tend towards zero at the boundary of the solid. Some,
but not all, of the basis functions can be zero at some point in the solid.

The basis functions of the second and third kind are defined by [36]:
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fð2Þj = f 1ð Þ
j umH� 1ð Þ ð19Þ

where H is given by

H =
rfð1Þj � rum

f 1ð Þ
j � rum � rum

ffiffiffiffiffi
um¼0

ð20Þ

and

f 3ð Þ
j = f 2ð Þ

j umH0�CU

h

� �
ð21Þ

where H0 can be determined by:

H
0¼ 1

oum

o~n

ffiffiffiffiffi
um¼0

¼ 1
rum � rum

ffiffiffiffi
um¼0

ð22Þ

The average value of the potential U within the solid can be calculated as
follows:

U ¼ 1
V

Z
v

UdV ð23Þ

where V is the volume of the solid.
To describe mass transport within the solid with arbitrary geometry, it is

considered in the Eq. (1), k = 1, CU = D (mass diffusion coefficient), and U = M
(moisture content in dry basis), and h = hm (convective mass transfer coefficient),
thus the mass diffusion equation in transient state without mass generation (Fick’s
law) will be written as follows:

oM
ot
¼ r � DrMð Þ ð24Þ

For heat transfer we consider in Eq. (1) CU = k (thermal conductivity),
k = qcp (density and specific heat) and U = h (temperature), and h = hc (con-
vective heat transfer coefficient), thus the heat conduction equation in transient
state without energy generation (Fourier’s law) will be written as follows:

oh
ot
¼ r � arMð Þ ð25Þ

where a ¼ k= qcp

� �
represents the thermal diffusivity.
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3 Applications

3.1 Drying of Solids of Revolution

A solid of revolution is a solid figure obtained by rotating a plane curve in space
around some straight line (the axis) that lies on the same plane (axis coplanar). It
can be defined yet like a three-dimensional figure formed by revolving a plane area
about a given axis. However the curve does not intercept the axis. Thus, considers
a solid of revolution pictured in Fig. 1.

The contour of the solid of revolution represented in Fig. 1 is defined by:

rm

am
þ z2

b2 ¼ 1 ð26Þ

where m is a number that defines the geometric shape of the solid being studied.
Thus, a set of basis functions of the 1st kind is defined for instance as follows:

fð1Þj ¼ u1rmj znj ð27Þ

where

u1 ¼ 1� rm

am
� z2

b2 ð28Þ

being, j = 0, 1, 2, 3,…, mj ¼ 0; 2; 4; 6. . . and nj ¼ 0; 2; 4; 6. . .
The volume of the solid shown in Fig. 1 can be calculated by:

V ¼ Z2p

0

Za

0

Zb
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1�rm=am
p

0

rdzdrdh ð29Þ

Then, the coefficients presented in Eqs. (9), (10) and (17) can be given as
follows:

aij¼
Z2p

0

Za

0

Zb
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1�rm=am
p

0

fir � ðCUrfjÞrdzdrdh ð30Þ

bij¼
Z2p

0

Za

0

Zb
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1�rm=am
p

0

fifjrdzdrdh ð31Þ

Z2p

0

Za

0

Zb
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1�rm=am
p

0

fiðU0- UeÞrdzdrdh¼ Z2p

0

Za

0

Zb
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1�rm=am
p

0

fi

XN

n¼1

CnWnrdzdrdh ð32Þ
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By varying the parameter m, in Eq. (26), and fixed the aspect ratio (b/a = 2.0),
we generated the following solids of revolution presented in Fig. 2. Further, for
fixed value of the parameters ‘‘m’’ and ‘‘a’’, for example, a = 1.0 and m = 2.0 and
varying the value of the parameter ‘‘b’’ we obtain different ellipsoids of revolution.
When the solid in which the axis of revolution is greater than the other axis
(b [ a), the solid is said to be prolate spheroid (Fig. 2c). For the other hand, if the
axis of revolution is smaller than the other (b \ a), it is called oblate spheroid.
When the axis of revolution is equal to the other axis (b = a), so, the ellipsoid is
known like sphere.

Figure 3 shows the dimensionless average moisture content as a function of
mass transfer Fourier number (Dt/a2) for different values of the parameter m and
fixed aspect ratio b/a considering equilibrium boundary condition at the surface of
the solid. It is clear from Fig. 3 that for the same Fourier number there are different
moisture levels depending of the ‘‘m’’ parameter value, so factor m in Eq. (22)
defines how the body shape influenced the drying kinetics. By examining this
figure, one can observe that for m = 0.5, the dimensionless average moisture
content within the solid decreases faster than for m = 4.0. In other words, for the
same aspect ratio, the higher the value of m in Eq. (24) the lower the area/volume
ratio will be formed. Since the drying velocity (drying rate) is directly proportional
to the area/volume relationships, it is noticed that for m = 4.0, the drying process
of this solid will be slower when compared to other solids of revolution studied.
This observation is consistent with existing works in literature [14, 15, 35, 38, 44].
Higher rates of drying (high concentration gradients) and heating (high tempera-
ture gradients) induce elevated thermal, hydric and mechanical stresses within the
solid, which could result in the manifestation of cracks or distortions in the
product, which may come to compromise its final quality post-drying.

Figures 4 and 5 show the distribution of the dimensionless moisture content
inside the solids of revolution with aspect ratio b/a = 2.0, in two dimensionless

Fig. 1 Geometrical
representation of a solid of
revolution
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time (Fourier number, Fo = Dt/a2): 0.0708617 and 0.141723. From these figures,
one can verify the existence of concentration gradients during the drying process
and that they are higher in early times for each of the solids. However, it is
observed that these moisture gradients are higher in solids that have a lower ‘‘m’’
value, which represent the shape factor of the body, being consistent with Fig. 3.
Since higher moisture gradients will result in large movement of fluid within the
solid, it dries more quickly.

It is also worth pointing out that the region near the point z = 2.0 upholds the
lowest moisture concentrations for all times in anyone of the solids. This phe-
nomenon is related with the highest concentration gradients that has occurred at

m = 2.0 m = 4.0

m = 1.0m = 0.5

Fig. 2 Solids of revolution with different shapes, a m = 0.5, b m = 1.0, c m = 2.0, d m = 4.0
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the edge of the solid close to z = 2.0, being lower when the solid tend to a sphere
(z = 1.0). Therefore, if the drying rate is such that it will cause a fracture or a
deformation in the solid, it is very likely that such effects occur in the edge region.
For this reason, several authors mention this edge effect [14, 15, 23, 24, 35, 44].
Further, one can observe the presence of iso-concentration lines, which have the
same form of the solid. The moisture concentrations are higher in the center of
the solid thus showing that the movement of liquid occurs from the interior to the
surface of the solid of revolution, as expected.

Fig. 3 Dimensionless
average moisture content
within three solids of
revolution with the same
aspect ratio as a function of
Fourier number

Fig. 4 Dimensionless
moisture content distribution
[(M - Me)/(M0 - Me)]
within a solid of revolution
formed with m = 0.5 and
b/a = 2.0 for dimensionless
times: a Fo = 0.0708617 and
b Fo = 0.141723
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3.2 Drying of Wheat Grain

For the theoretical study of drying considered in this topic we use a prolate
spheroid (ellipsoid of revolution formed when m = 2.0) whose geometry is
resembled to wheat grain, as illustrated in Fig. 6.

To determine the mass diffusion coefficient it was used the equation proposed
by [45], as follows:

D ¼ 0:543 �M �2:8554�10�5Tþ1:6432ð ÞExp 0:4113T� 30:2634ð Þ �Mþ 0:022776T� 9:7271ð Þ½ �
ð33Þ

From the Eq. (33), the mass diffusion coefficient was obtained using the
average value of moisture content as follows:

D ¼ 1
ðM0 �MeÞ

Z M0

Me

DðMÞdM ð34Þ

For determination of the convective mass transfer coefficient was used the
following relations reported by [45]:

hm ¼
Datm

RTabsdp

2:0þ 0:6Re1=2Sc1=3
h i

ð35Þ

where Datm represents the molecular diffusion coefficient of water in air, Sc and Re
represent the Reynolds and Schmidt numbers, R is the Universal gas constant (as
applied to water vapour) and dp is the equivalent diameter.

The convective heat transfer coefficient was calculated as follows [45]:

Fig. 5 Dimensionless
moisture content distribution
[(M - Me)/(M0 - Me)]
within a solid of revolution
formed with m = 4.0 and
b/a = 2.0 for dimensionless
times: a Fo = 0.0708617 and
b Fo = 0.141723
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hc ¼
ka

dp

2:0þ 0:6Re1=2Pr1=3
h i

ð36Þ

where Pr represents the Prandtl number.
The Reynolds, Schmidt and Prandtl numbers are given by:

Re ¼ qvdp

l
ð37Þ

Sc ¼ l
qDatm

ð38Þ

Pr ¼ Cpl
k

ð39Þ

In the Eqs. (37)–(39), q, v, l, cp and k represent density, velocity, viscosity,
specific heat and thermal conductivity of the air, respectively. Equivalent diameter
(dp) was obtained considering the wheat grain as a prolate spheroid. Initially, the
volume of the grain was calculated using Eq. (29). Following, this volume was
assumed to be equal to the volume of a sphere of diameter dp. Simulations were
performed using Eqs. (24) and (25). Table 1 presents the data used in the
simulations.

Figures 7 and 8 illustrate, respectively, the results of the dimensionless average
moisture content and dimensionless center temperature obtained in this study
compared with experimental drying data to wheat [45] considering convective
boundary condition at the surface of the solid. Based on the approach taken for this
research and observing the drying and heating kinetics, it becomes apparent that a
good agreement was obtained. We notice that, the higher the mass diffusion
coefficient, the lower the drying time, i.e., the drying process becomes faster, fixed
the convective mass transfer coefficient. For a fixed mass diffusion coefficient

Fig. 6 Wheat grain kernel
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increasing the convective mass transfer coefficient we have increased drying rate,
thus the solid dry faster.

Figures 9 and 10 illustrate the moisture content and temperature distributions
inside the grain at two different elapsed times (1800 and 4000 s). Based on the
analysis of this figure, we note the presence of concentration iso-lines, which has
the same shape as prolate spheroid. It is also evident that the movement of liquid

Table 1 Physical and geometrical parameters used in the simulations [14, 45, 46]

Drying air Wheat grain

T (�C) RH (%) v (m/s) a (cm) b (cm) M0 (d.b.) Me (d.b.) he (�C) h0 (�C)

67.5 13.3 1.61 0.1575 0.3276 0.2560 0.0362 67.5 26.0
k (W/mK) q (kg/m3) cp (J/kgK) hc (W/m2K) hm 9 10+6 (m/s) D 9 10+11 (m2/s)
0.1400 790.00 2223.76 82.942 1.03823 5.73003

Fig. 7 Dimensionless
average moisture content of
the wheat grain as a function
of time

Fig. 8 Dimensionless
temperature at the center of
the wheat grain as a function
of time
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takes place from the center of the wheat grain to the surface thereof meanwhile the
heat flux occurred from the surface to center of the solid. The moisture content and
temperature inside the wheat grain checked at all times occurred in a non-
homogeneous form. Specifically for the instant 4000 s, it can be noted that the
moisture content of the grain is close to reach the commercial moisture content, so,
at this instant the drying is almost complete. The longer the drying time, the
smaller the presence of moisture gradient inside the solid and thus it has a slower
drying rate, tending to zero at the final of the drying, when the grain reach the
equilibrium moisture content. Further, the time to grain reach the air temperature is
very short, less than the 200 s, so, moisture migration has occurred at isothermal
conditions after this time.

Fig. 9 Distribution of
dimensionless moisture
content during the wheat
grain drying: a t = 1800 s
and b t = 4000 s
(T = 67.5 �C and
RH = 13.3 %)

Fig. 10 Distribution of
dimensionless temperature
during the wheat grain
drying: a t = 8 s and
b t = 14 s (T = 67.5 �C and
RH = 13.3 %)
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4 Concluding Remarks

Upon completion of this chapter and based on the drying data analysis, the
following conclusions can be cited:

(a) The mathematical model and GBI technique used for obtaining the analytical
solution was appropriate to describe drying problem. Thus it is also suitable
for predicting transient problems such as cooling, heating or wetting. From
the model solution, is possible to obtain the moisture content and temperature
distributions within the solid as well as analyze the drying and heating
kinetics.

(b) The body shape has a direct influence on the drying and heating kinetics,
since this parameter is directly related to the area/volume of the body. For
higher area/volume relationships the solid dry faster.

(c) During drying there was a difference in moisture content and temperature
within the porous solid, so that the flux of moisture occurs from the center of
the solid to the surface thereof, meanwhile the heat flux occurs from surface
to center of the solid.

(d) It was found that the higher moisture and temperature gradients occur on the
edge of the ellipsoid of revolution. This fact shows that this region is more
affected by thermo-hydro-mechanical stresses, thus, being more susceptible
to the appearance of defects such as cracks, fracture, warping and
deformations.

(e) The diffusion coefficient affects the mass transfer process, reporting the
velocity at which this process occurs. The greater the mass diffusivity the
faster drying is found.
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Grain Drying Simulation: Principles,
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E. M. A. Pereira and J. V. da Silva

Abstract This chapter focuses in drying of wet solids in cross flow dryer
(continuous drying system) with particular reference to grains. Here, topics related
to grain, drying fundamental, types and selection of dryer, and drying models are
presented in details. A cross flow dryer mathematical modeling that considers the
influence of the porosity of the bed and transient terms in the drying process is
presented and discussed. The governing conservation equations have been solved
numerically using the finite-volume method and upwind formulation to convective
terms. Application has been done to drying of yellow corn kernel. To analyze the
influence of the main drying parameters on the quality of the product at the end of
the process, results of the humidity ratio and temperature of the air and temper-
ature and moisture content of the solid along of the drying process are presented,
analyzed and compared with experimental data.
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1 Introduction

Many materials, for example, grain, fruits, vegetables, wood and clay products are
considered to be hygroscopic capillary-porous products in which the pores are
partially filled with liquid water and partially filled with an air/water-vapor mixture.

Grains, also called cereal or cereal grains are the seeds of grasses (gramineae).
They are very rich in nutrients such as protein, vitamins and minerals. Grains are
consumed in worldwide being important source of energy, carbohydrate, protein
and fiber for the peoples, occupying the base of food pyramids. Examples of grains
are corn, wheat, maize, rice, barley oats, and sorghum.

Grains are normally harvested still fairly moist, therefore, they must be dried to
minimize the water content and to reduce spoilage problems due to the action of
the microorganisms, in order for safe storage (grain must be stored for a period of
time before it can be marketed or used as feed or seed) [1, 2]. Grain moisture
content and temperature are important factors in determining safe storage life.

Drying is one the most widely known technique used to removal moisture in
wet porous solids. Fast grain drying until storage moisture can produces higher
moisture gradient into the grain. As this gradient reclines after drying, the grain
surface receives moisture from the interior and expands while the grain interior
loses moisture and contracts. The combination of tension and compression stresses
(compressive at the surface and tensile at the centre of the grain) changes with
time, thus, the grain tend to fail in tension by pulling itself apart at its centre.

Moisture absorption by low-moisture grains in the field before harvest is the most
prevalent cause of fissured grains. Besides, most breakage in grain processing can
also be attributed to grains which were fissured before milling. Mechanical har-
vesting of grains at higher moisture content can minimize this type of grain failure.
Further, fissuring of the grain after drying can be controlled by the drying procedure.

The drying behavior of an individual particle, or of a collection of particles in a
dryer, depends on the geometrical and physical characteristics of the solid. We
notice that, in these processes the particles will vary in shape and properties, as a
consequence also vary in drying behavior (moisture migration, heating, shrinkage
and dilation rates). Then, because of the great applications in many industrial pro-
cesses and scientific interest, to study the drying process plays an important role.

The selection of a particular type of dryer for a particular drying operation is a
complex problem in virtue of the existence of many factors that affect the choice.
In particular, factors to be considered during the drying process, which can be cited
are, the drying techniques, heating method and the energy exchange between the
product and the drying air. In general, the agricultural products (with particular
reference to grains and seeds) are dried through two techniques: fixed bed (batch
dryer) and continuous flow bed (concurrent, counter and cross-flow dryers). In the
continuous flow dryers large quantities of grain can be dried without stopping,
however, they present some disadvantages such as: initial high cost (normally
including grain handling), need to be careful management (to obtain acceptable
uniform drying), and need of matching loading and unloading equipment.
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One of the most common continuous flow dryers for grains is the cross-flow
dryer. In present day, because of the high cost of the dryers, in particular cross flow
dryer and which produce considerable stress and cracking on the grain kernel,
development of the new technologies for the drying sector, improvement of the
product and rationalization of energy consumption, became necessary to devote
study these driers with more details. In general, the drying residence time of grain
in the drier has been obtained as a function of the following variables: layer
thickness of the grain bed inside the dryer along airflow direction, initial and final
moisture content of the grain, thermo-physical properties of the grains, air and
grain flow rates, air and grain inlet temperature, and humidity ratio of the air.

In the drying area, physical, technical and economical problems associated to
design, build and produce different dryers are important, very complicated and
must be minimized. In present day, drying process mathematical modeling has the
potential to quickly help in the identification of schedule alterations (and its
consequences), to contribute significantly to the understanding of the moisture
removal and heating mechanisms and others phenomena associated to the drying
process, and solution of related problems.

In the last years, simulation has been an important tool for design and operation
control. It provide a means for researcher, designer and engineer to elucidate the
physics related to simultaneous heat and mass transfer phenomena which are
generated within the wet porous solid (or porous media) during drying process, to
propose control strategies, in order to find optimum design and operating
parameters, to analyze the effect of disturbances, and to avoid expensive and
repetitive experimentation. In this context, the computer-aided design systems for
correct dryer design play an enormously important role [3–7]. Thus, a large
number of the researchers have reported cross-flow dryer modeling. The models
consider the void fraction (bed porosity) and/or the transient air-drying condition
within the bed [1, 8–15]. Other researchers present numerical study considering
void fraction and/or the transient terms in the mathematical model [16–22].
Experimental study has been reported in the literature too [21–28].

In order to obtain the better drying conditions and to save energy, it is necessary
to know the effect of the drying parameters in the moisture removal and tem-
perature of the solid during the drying process. In connection, now this chapter
discusses mathematical modeling applied to drying process, in order to predict the
changes of temperature and relative humidity of the air, and temperature and
moisture content of the solid during drying process, with emphasis to continuous
cross flow belt conveyor dryer.

2 Mathematical Modeling of Drying Process

Since past century that experimental and theoretical studies and analysis of the wet
porous solids drying has been subject of many investigations. There is different
forms to study theoretically wet solid drying process: (a) single particle or thin-layer
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of particles (particle model), and (b) deep-layer of particle (dryer model). Following
we present discussion about this topic.

2.1 Thin-Layer Drying Model

For study drying of single particle (individual particle) two approaches has been
cited in the literature: Distributed and lumped approaches. Distributed system
analysis is the more actual method to study diffusion and convection transient
problems. This method is used when internal gradients of the potential (for
example moisture content and temperature) into the solid are significant. For
instance, in drying, when significant temperature and moisture gradients occur
inside the solid in every time, thus, moisture and temperature are functions of the
position inside the solid and time, so, the distributed system analysis can be
applied. However, when internal resistance to heat and mass fluxes is very small,
heat and mass transfer takes place at the surface of the solid and uniform tem-
perature and moisture distributions through the porous body is verified. Under this
condition we can applied a lumped system analysis. This analysis is a simplest
approach in diffusion and convection transient problems which may be used
whenever diffusion inside the material is much faster than the diffusion across the
boundary of the solid. In grain drying this approach is so called thin-layer drying
model.

Mass diffusion is a phenomenon by which matter is transported from one region
in space to another due to molecular motions. Thus, the diffusion theory states that
diffusional flux is proportional to the concentration gradient (Fick’s first law)
[29–31]. The Fick’s second law states that accumulated matter rates into the
capillary-porous material equal to net mass transport by diffusion (effects of mass
convection and mass generation aren’t significant).

Lewis [32], Sherwood [33–35], Newman [36] and many other researchers (after
Fick’s second law of diffusion) states that the only moisture migration mechanism
in capillary-porous bodies is the liquid diffusion [37]. Evaporation can take place
at the surface of them. Thus, the Fick’s second law has been frequently used to
describe mass transfer inside wet porous bodies during drying process. The Fick’s
second law is given by:

o qMð Þ
ot

¼ r � qDrMð Þ ð1Þ

where q represent the density, M is the moisture content, D represent the mass
diffusion coefficient, and t is the time. When the dry solid density is used in
Eq. (1), the unit of the moisture content is kg of water per kg of dry matter, called
dry basis. On the other hand, if wet solid density is used, so the unit of M is kg of
water per kg of wet matter (kg of dry matter plus kg of water), called wet basis.

The average moisture content can be calculated as follows:
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�M ¼ 1
V

Z
v

MdV ð2Þ

When we are using the Fick’s second law of diffusion to describe drying
process, truly we are utilizing a distributed approach.

Several semi-empirical and empirical models (thin-layer drying models) have
been proposed to describe drying process take into account only external resistance
to heat and moisture transfer between grain and air (internal resistance is negli-
gible). In this analysis, lumped parameters typically combine aspects of several
different physical phenomena such as shrinkage, heterogeneity and shape of the
body, and under appropriate situation may actually give a better result than a more
complex formulation, for example, a distributed model. Besides require less input
data to theoretically study the physical problem.

In the thin-layer model, average moisture content can be given as follows:

M ¼ f T; RH;w; M0; t; S; V; etc:ð Þ ð3Þ

where T, RH and w represent temperature, relative humidity and velocity of the
air, respectively, and M0, V and S represent the initial moisture content, volume
and surface area of the solid. More details about this topic can be cited in the
references cited in the text. The practical importance of thin-layer drying is very
limited, because the materials are usually dried in deep-layers: stationary or
moving. Further, unfortunately no theory has been developed that accurately and
practically describes the thin-layer drying rate.

2.2 Deep-Bed Drying Model

The drying of a single particle individually or even of a layer of material of small
thickness, does not modify the drying conditions significantly. However, when the
material is placed inside of a dryer, forming a thick layer, the thermodynamic
properties of the drying air are modified markedly.

In the drying of grain in a deep-bed, whilst individual grain may all is losing
moisture at different rates. Thus, the air absorbs moisture (vapor) as it moves
through the bed until it becomes effectively saturated and moves through the
remaining layers of grain without effecting further drying. In this case, their drying
potential decreases. In virtue of this, the models of drying in thick layer are more
complete and more complex than the thin layer.

The dryer models used by researchers take into account thermo-physical
properties, drying kinetics and conservation of mass and energy in the dryer. It,
therefore, satisfies the need to have an equation for drying of the material in a thin
layer under certain pre-established operational conditions.
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In general, the deep-layer drying mathematical model consists of four hyper-
bolic partial differential equations with four unknowns [38] and can really predict
the performance of the dryer.

In multi-zone cross-flow dryer (Fig. 1), air flows in the y direction and solid
particles in the z direction. The length of the drier and the number of drying zone are
fixed by process conditions. For this dryer type, the transient model presented
herein is based in the Michigan State University model reported by Bakker-Arkema
et al. [8]. The development of the conservation equation is based on the control-
volume illustrated in Fig. 1 [27, 28]. As a simplification of the model to describe the
drying process of solids in a cross-flow dryer, the following assumptions have been
made:

(a) The volume variation is negligible during the drying process, i.e., the solid is
considered non-deformable;

(b) The temperature and moisture content gradients within the individual particle
are negligible along the process.

(c) Heat conduction among the particles is negligible.
(d) Heat loss of the dryer to the surrounding is negligible.
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Fig. 1 Schematic representation of the continuous cross flow dryer
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(e) Air and grain flows are plug-type.
(f) The moisture evaporation takes place at the drying-air temperature.
(g) The inter-particle void fraction (bed porosity) is constant.

According to assumptions, the following partial differential equations are
obtained to model the transient cross flow drying process in the dryer:

2.2.1 Mass Transfer Models

From a mass balance of the air into the infinitesimal volume presented in Fig. 1,
we have that the amount of water vapor that enters the area Sz at position y, minus
the amount of water vapor which leaves the area S at position y + dy, plus the
change in air humidity in the open spaces is equal to the moisture provided by the
product. Thus, we can write:

oðqaxÞ
ot
þ o

oy
qa

wa

e
x

� �
¼ � qP

e
oM

ot
ð4Þ

For the solid we notice that the moisture content of the product can be obtained
by using an empirical equation of thin layer, suitable for each product.

oM

ot
¼ Thin�layer drying equation ð5Þ

In the Eq. (4), qa is the air density, x is the air humidity ratio, wa is the air
velocity, e is the bed porosity (void volume per volume of the dryer), qp is the
product density, and y is the Cartesian coordinate.

2.2.2 Energy Transfer Models

From the energy balance of the air into the infinitesimal volume pictured in Fig. 1,
we have that the energy that enters the area Sz in the y position, minus the energy
leaving the area Sz at position y + dy, is equal to the energy transferred to the
product, by convection, and the variation of the energy with respect to time of the
air in the empty spaces. Thus,

o

ot
ðqaTÞ þ o

oy
qa

wa

e
T

� �
¼ �A�hcðT � hÞ

eðca þ xcvÞ
ð6Þ

where T is the air temperature, A* is the specific surface area (surface area of the
solid per volume unit of the bed), hc is the convective heat transfer coefficient, h is
the average temperature of the solid, ca and cv are the specific heat of the air and
vapor, respectively.
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From a energy balance in the solid, we have that the energy transferred by
convection from air to the product, is equal to the energy required to heat the
product, plus the energy required to evaporate water from the product, and the
energy required to heat the evaporated water vapor. Then, we have,

o

ot
ðqp

�hÞ ¼ A�hcðT � hÞ
cp þ cw �M

þ
hfg þ cvðT � hÞ
� �

cp þ cw �M
qp

oM

ot
ð7Þ

where hfg is the heat of vaporization of water into the product and cw is the specific
heat of water.

For a well-posed transient mathematical formulation, we necessitate specify the
initial and boundary conditions. The following one were used:

Mðy; t ¼ 0Þ ¼ M0 ð8Þ

hðy; t ¼ 0Þ ¼ h0 ð9Þ

T y ¼ 0; tð Þ ¼ T0; ð10Þ

x y ¼ 0; tð Þ ¼ x0 ð11Þ

3 Application: Corn Grain Drying in Cross-Flow Dryer

3.1 Physical Problem

Knowledge of the structure, composition, and property values is useful in under-
standing the drying and storage characteristics of grains. The kernel structure may
affect the drying rate. The chemical composition of corn grain at 14 % (wet basis)
moisture content is 9.8 % protein, 5 % fat, 63.6 % starch, and 2.0 % fiber. The
principal parts of a corn are the pericarp (5.0–7.0 % weight), germ (10.0–12.0 %
weight), and the endosperm (82.0–84.0 % weight) [1].

Corn grain is usually harvested at high moisture content for safe storage. Since
it is hygroscopic will lose or gain moisture until equilibrium is reached with the
surrounding air. So, it is necessary to dry this agricultural product to storage and to
prevent quality deterioration. As application, the methodology was used to
describe drying of yellow corn grains. In this sense, Brokker et al. [1] report the
following thin-layer drying equation to describe drying rate:

oM

ot
¼ Me �M

3600 A2 þ Bt
900

� �1=2
ð12Þ
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where t is in seconds, Me is the equilibrium moisture content, A ¼ �1:7054824þ
0:0087917 h and B ¼ 148:60862� 10�0:059418h.

The heat of vaporization, equilibrium moisture content, specific surface area,
dry solid density and specific heat of the corn grain, and void fraction of the bed
are given by [1], as follows:

hfg ¼ ð2502:2�2:39T) 1þ 1:2925� 10�16:981M
h i

kJ=kg ð13Þ

Me ¼
1

100
� lnð1� xÞ

8:6541� 10�5ðT þ 49:81Þ

� �1=1:8634

ð14Þ

cp ¼ 1:361þ 3:97
M

ð1þMÞ

� �
kJ/(kgK) ð15Þ

with qP ¼ 650 kg/m3, e ¼ 0:44 and A� ¼ 784 m2=m3.
The specific heat [39], density, relative humidity, absolute temperature,

universal constant applied to the air, saturation pressure of vapor and local
atmospheric pressure are given by [40]:

ca ¼ 1:00926� 44:04033� 10�5Tþ 6:17596� 10�7T2� 4:0972
� 10�10T3kJ= kgKð Þ ð16Þ

qa ¼
PatmMa

RTabs

ð17Þ

RH ¼ Patmxa

ðxa þ 0:622Þ:Pvs

ð18Þ

Tabs ¼ Tþ 273:15 K ð19Þ

with R = 8314.34 J/(kgK), Patm = 101325 Pa and Ma = 28.97 kg/kmol,

Pvs ¼ 22105649:25Expf½�27405:53þ 97:5413Tabs� 0:146244T2
abs þ 0:12558� 10�3T3

abs

�0:48502� 10�7T4
abs�=½4:34903Tabs � 0:39381 � 10�2Tabs�g Pa

ð20Þ

The specific heat of water on the vapor and liquid phases are given by [39]:

cv ¼ 1:8830�0:16737� 10�3Tabs þ 0:84386� 10�6T2
abs� 0:26966

� 10�9 T3
abs kJ= kgKð Þ ð21Þ

cw ¼ 2:82232 þ 1:18277� 10�2 Tabs�3:5047� 10�5 T2
abs þ 3:6010

� 10�8T3
abskJ= kgKð Þ ð22Þ
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The heat transfer coefficient was obtained using the following equations [1]:

hc ¼
101:4ðqawaÞ0:59 to qawa� 0:68

99:6ðqawaÞ0:49 to qawa\0:68

(
W= m2 oC
ffi 	

ð23Þ

3.2 Numerical Treatment

3.2.1 Discretization of the Governing Equations

Many numerical techniques can be used to solve the set of partial differential
equations, for example, finite-element, finite-difference, boundary-element and
finite-volume methods [41–44]. In this work, the finite-volume method was used to
discretize the basic equations by integrating one under the control volume and time
as illustrated in Fig. 2. In this figure P represent the central nodal point and S and
N are the neighbor nodal points.

The integrations of the model equations will results in different set of linear
equations in the discretized form. For all equations was used upwind scheme as
interpolation function to convective terms along the z-direction. Thus, for the grain
we have the following discretized energy transfer equation:

APhP ¼ Ao
Ph

o
P þ S

�h
C ð24Þ

where

Ap ¼
Dz

Dtm
þ hc A�Dz

qp cp þ qp cw M
þ

cvqp
oM
o t Dz

qp cp þ qp cw M
ð25Þ

Ao
P ¼

Dz

Dtm
ð26Þ

Sh
C ¼
ðhfg þ cvTpÞ qp

oM
o t

qp cp þ qp cw M
Dzþ hc A�TpDz

qp cp þ qp cw M
ð27Þ

and the following discretized mass transfer equation:

APMP ¼ Ao
PM

o
P þ SM

C ð28Þ

54 A. G. Barbosa de Lima et al.



where

AP ¼
Dz

Dtm
þ Dz

3600ðA2 þ Bt
900Þ

1=2
ð29Þ

Ao
P ¼

Dz

Dtm
ð30Þ

S
�M
C ¼

MeDz

3600ðA2 þ Bt
900Þ

1=2
ð31Þ

For the air we have the following discretized energy transfer equation:

APTP ¼ ASTS þ Ao
PTo

P þ ST
C ð32Þ

where

AP ¼
Dy

Dt
þ wa

e
þ A � hcDy

eðqaca þ qaxcvÞ
ð33Þ

AS ¼
wa

e
ð34Þ

Ao
P ¼

A � hcDy

eðqaca þ qaxcvÞ
ð35Þ

ST
C ¼

Dy

Dt
ð36Þ

and the following discretized mass transfer equation:

y

t t+ Δt t+ 2Δt

Δz

P

S

N

Δy

z

y

t t+ Δt t+ 2Δt

Δz

P

S

N

Δy

z

Fig. 2 Control-volume used
in this work
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APxP ¼ ASxS þ Ao
Pxo

P þ Sx
C ð37Þ

where

AP ¼ qa
Dy

Dt
þ qa

wa

e
ð38Þ

AS ¼ qa
wa

e
ð39Þ

Ao
P ¼ qa

Dy

Dt
ð40Þ

Sx
C ¼ �

qp

e
o M

o t
dy ð41Þ

To obtain the numerical results, a computational code using the software
Mathematica� was implemented. In the equations applied to the air, the time step
was evaluated by Dt ¼ Dy=wa. For the grains, Dz ¼ upðnpy� 1ÞDt and
Dtm ¼ ðnpy� 1ÞDt, where npy is the nodal point number in the direction y, and up

represent the product velocity into the dryer. During this time step Dtm, the grains
within the volume Dz H were assumed stationary and thus T ; x;M and h were
obtained as for the fixed bed drying.

3.2.2 Numerical Procedure for Condensation of Water

After calculates M, h, T and x in each position inside bed and drying time, the
relative humidity is obtained. If this value is greater than 1, then saturation or super
saturation is assumed and condensation is modeled. The condensation of water
may occur when a large amount of vapor of water is transported by the air and so
cooled as it passes through cool grains

To model the condensation the following procedure was used:

(a) In a y location inside the bed are calculated M, h, Tex, and so is obtained Pvs

and RH.
(b) If RH [ 1, then is assumed a new value of the absolute humidity x = x–Dx.

So, go to passes c. If RH B 1 stop the condensation and go to new y location.
(c) Using the new value x, we calculate the new values of M, h and T.
(d) Using the new value of T, we calculate Pvs and RH and return to passes b.

In this formulation, the new value of average moisture content M is given by:

M ¼ Mbc þ ð
qaWaDz

qpupDy
Þðxbc � xÞ ð42Þ
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The new value of air temperature T is given by:

T ¼
qawaDz

up
ðca þ cvxbcÞTbc þ qpDyðcp þ cwMbcÞhbc

qawa
dz
up
ðca þ cvxÞ

þ
�qpDyðcp þ cwMbcÞhbc � qawaðDz

up
Þhfgðx� xbcÞ

qawa
Dz
up
ðca þ cvxÞ

ð43Þ

In this procedure was used Dx ¼ 10�8 kg water/kg dry air. The subscript ‘‘bc’’
refers to values before condensation.

3.3 Results and Analysis

In order to analyze the effects of the drying-air conditions on the heating rate and
moisture removal of the yellow corn grain, several conditions were chosen for
simulation. Table 1 presents all drying condition used in the work as well as the
final moisture content, total drying time and length of the dryer.

To validate the methodology, numerical results of the average moisture content
of yellow corn grain are compared with experimental data to fixed bed drying
reported in the literature [45]. The comparison is possible because up \\wa

(up = 0.005 m/s). Figure 3 illustrates this comparison during drying process in
y & 0.0 m (test 1). It is verified that a lower deviation between the results was
obtained.

Figures 4 and 5 show the effect of inlet air-drying conditions on the moisture
removal and temperature of the grain. It is verified that the drying temperature has
strong effect on the grain temperature more than on the moisture content.
However, the increase of the air temperature increases the drying rate and the grain
reached the temperature of the air and its equilibrium moisture content more
quickly. This situation provokes higher moisture and thermal gradients and higher
hydro and thermal stresses within the grain, which may cause damage to the grain
and reduces its quality.

Figures 6 and 7 show both air and grain temperatures within the bed at different
instants and conditions of the drying-air. It is verified that the highest gradients
occurs in the grain in few instants of drying and close to entrance of the air in the
dryer.

The high thermal gradients along the bed are not recommended because it
produces non uniform drying and big thermal stress in the grain and may cause
cracking, fissures and deformation in the solid and to reduce its quality at the end
of the process.

It can be observed in the Fig. 6b that air temperature only arrive until a certain
limit, due to the relative humidity inside the bed to reach its maximum value at few
instants of drying. In this same drying period the grain temperature (Fig. 7b)
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Table 1 Air and grain condition used in the simulations, total drying time and length of the dryer

Test Grain Air t (s) L (m)
M0

(kg/kg)
H
(m)

h0

(�C)
Mf

**

(kg/kg)
x0

(kg/kg)
wa

(m/s)
T
(�C)

RH
(%)

1 0.30 0.1 24 0.180 0.011340700 1.63 75 4.7 4907.90 24.54
2 0.30 0.2 25 0.231 0.002628163 1.50 30 10.0 8000.00 40.00
3 0.30 0.2 25 0.215 0.004583815 1.50 40 10.0 8000.00 40.00
4 0.30 0.2 25 0.177 0.012514130 1.50 60 10.0 8000.00 40.00
5 0.30 0.2 25 0.158 0.019776720 1.50 70 10.0 8000.00 40.00
6 0.30 0.2 25 0.194 0.000761409 1.50 50 1.00 8000.00 40.00
7 0.30 0.2 25 0.195 0.003825780 1.50 50 5.00 8000.00 40.00
8 0.30 0.2 25 0.196 0.007698940 1.50 50 10.0 8000.00 40.00
9 0.30 0.2 25 0.198 0.015590900 1.50 50 20.0 8000.00 40.00
10 0.30 0.2 25 0.200 0.031983900 1.50 50 40.0 8000.00 40.00
11 0.30 0.2 25 0.202 0.049242300 1.50 50 60.0 8000.00 40.00
12 0.30 0.2 25 0.134 0.002923429 1.50 80 1.00 8000.00 40.00
13 0.30 0.2 25 0.141 0.030526000 1.50 80 10.0 8000.00 40.00
14 0.30 0.2 25 0.146 0.064204200 1.50 80 20.0 8000.00 40.00
15 0.30 0.2 25 0.154 0.143195100 1.50 80 40.0 8000.00 40.00
16 0.30 0.2 25 0.163 0.242745300 1.50 80 60.0 8000.00 40.00
17 0.30 0.1 25 0.188 0.014897320 1.50 80 5.00 4000.00 20.00
18 0.30 0.2 25 0.138 0.014897320 1.50 80 5.00 8000.00 40.00
19 0.30 0.3 25 0.138 0.014897320 1.50 80 5.00 8000.00 40.00
20 0.30 0.5 25 0.152 0.014897320 1.50 80 5.00 6666.67 33.33
21 0.30 1.0 25 0.138 0.014897320 1.50 80 5.00 8000.00 40.00
22 0.30 0.1 25 0.226 0.003825788 1.50 50 5.00 4000.00 20.00
23 0.30 0.3 25 0.195 0.003825788 1.50 50 5.00 8000.00 40.00
24 0.30 0.5 25 0.204 0.003825788 1.50 50 5.00 6666.67 33.33
25 0.30 1.0 25 0.195 0.003825788 1.50 50 5.00 8000.00 40.00
26 0.30 0.2 25 0.195 0.003825788 0.10 50 5.00 8000.00 40.00
27 0.30 0.2 25 0.195 0.003825788 0.30 50 5.00 8000.00 40.00
28 0.30 0.2 25 0.195 0.003825788 0.50 50 5.00 8000.00 40.00
29 0.30 0.2 25 0.195 0.003825788 1.00 50 5.00 8000.00 40.00

**In y = 0.0 m

Fig. 3 Comparison between
the predicted and
experimental values [45] of
the average moisture content
in y & 0.0 m during drying
process of yellow corn grain
(test 1)
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presents small thermal gradients in both 1 and 10 % relative humidity. The high
relative humidity does with that the grain temperature reaches temperature near the
wet bulb temperature of air quickly, being stabilized soon after. It is noticed that at
the surface of the product, the temperature of the corn equals to the wet bulb
temperature of the air. In smaller drying times and in the first layers of products,

Fig. 4 The effect of the air-
drying temperature under the
average moisture content of
the grain during drying
process

Fig. 5 The effect of the air-
drying temperature under the
grain temperature during
drying process
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Fig. 6 Air temperature
distribution within the bed to
nine drying times.
a RH = 1 % and
b RH = 10 %
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the grain temperature rises slightly, due to the heating of the air and later it stays
constant for the other points. This happens because the air to reach relative
humidity of 100 % in these positions.

Fig. 7 Grain temperature
distribution within the bed to
nine drying times.
a RH = 1 % and
b RH = 10 %
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Figures 8 and 9 illustrate the effect of the height of the product layer in the
moisture content and temperature of the grain in the outlet of layer. In these figures
it is observed that the increase in the height of the layer provides a smaller drying
rate of the product, because the air is reaching saturation along of the layer. In the
same situation, the product reaches the air temperature in few minutes after ini-
tialized the drying process as before. Then, this parameter affects not the grain
temperature strongly. The same behavior is verified for different relative humidity
as pictured in Fig. 10 in the first layer (y & 0.0 m).

Figure 11 illustrates the effect of the relative humidity in the moisture removal
of the corn grain for initial temperature 80 �C. It is verified that the relative
humidity changes moisture content of the grain, for a fixed temperature. The
increase on the relative humidity affect the drying rate as expected. Then, with the
decrease of RH, moisture content of the corn grain decreases more quickly along
the process, thus, reducing the air temperature in the bed. When saturation occur in
the bed, the air temperature reaches the wet bulb temperature, producing high
temperature gradient mainly in the first layers of the bed and for higher air relative
humidity (RH [ 40 %) at the inlet of the bed.

Fig. 8 The effect of layer
height in the moisture
removal during drying
process of corn grain in the
position y = H

Fig. 9 The effect of layer
height in the grain
temperature during drying
process of corn grain in the
position y = H
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Figures 12 and 13 illustrate the effect of air velocity in the moisture removal
and temperature of corn grain during drying process, respectively. An increase in
the airflow rate caused a decrease of the moisture gradients and also an increase on
the drying rate of solid. Considerable effects were verified on the heating rate of
the grain. By increasing of the air velocity, the grain reaches the equilibrium
temperature more quickly. Thus, the drying process is controlled by internal and
external diffusion.

Because drying is a very energy consumption process, in recent years there has
been a substantial development in reducing the energy consumption in driers. This
development has been moving in two directions: improvement of the actual drying
processes to make them consume less energy, and improvement of heat recovery
systems. Therefore, to low thickness layer and small relative humidity, the air in
the outlet of the dryer can be recirculate and used to dry solid and to save energy.

Fig. 10 The effect of relative
humidity in the corn grain
temperature during drying
process (T = 80 �C)

Fig. 11 The effect of relative
humidity in the moisture
removal during drying
process of corn grain
(T = 80 �C)
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4 Concluding Remarks

This chapter focuses advanced topics related to heat and mass transfer in cross-
flow dryer with particular reference to drying process. This type of physical
problem is motivated by its importance in many industrial processes such as
mineral processing, food processing, and chemical processes. Fundamentals
information about principle of operation, design, selection, and interactions
between the product and air inside the dryer are given. A transient mathematical
modeling based on the mechanistic approach is introduced to explain the complex
heat and mass transfer between the moist particle and gas phase inside the con-
tinuous cross-flow dryer.

Application to predict drying process of corn grain is performed and numerical
studies were conducted for different inlet air conditions. From the analysis of the

Fig. 12 The effect of air
velocity in the moisture
removal of corn grain during
drying process (T = 50 �C)

Fig. 13 The effect of air
velocity in the corn grain
temperature during drying
process (T = 50 �C)
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predicted it was verified that the finite-volume method can be used to simulate
drying process in cross flow dryer because the good agreement obtained by
comparison between numerical and experimental data of the average moisture
content.

It is possible to conclude that the mass transfer is controlled by internal dif-
fusion, and external condition, because airflow rate affect the drying rate. During
drying process low moisture content gradients within the bed were obtained. This
is due to the small thickness layer of the grain used in the simulation. For high
relative humidity (around 100 %) occurred condensation of water in the bed. Thus,
the air temperature equals to the wet bulb temperature of the air, mainly in the few
instants of drying. Further, as both the thickness layer of the product (corn grain)
and the relative humidity of the drying air increases, drying rate decreased,
however, practically, it doesn’t affect heating rate of the product.

The air temperature has effect on the drying rate of corn grain more than airflow
rate. The higher air temperature gradients inside of the bed, happen in the few
instants of drying (400.00 s), for any air relative humidity. Thus, the grain reaches
the inlet air temperature in few minutes of drying for all drying conditions.
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Food Dehydration: Fundamentals,
Modelling and Applications

João M. P. Q. Delgado and Marta Vázquez da Silva

Abstract Food dehydration is a preservation technique used by the man almost
since ever. From the oldest times to nowadays, the dehydration of food is done in
order to obtain a product with longer shelf life and minimum losses of physical,
chemical and organoleptic characteristics when compared to the fresh material.
The objective of this work is to present a brief explanation of the most used
techniques, such as convective dehydration, microwave, vacuum and freeze
dehydration, and a combinations of these techniques. A critical analyses of the
variation of the moisture content of the food with the time of dehydration is
presented. Several mathematical models that are classified as theoretical, semi-
theoretical and empirical are discussed. An overview of the osmotic dehydration is
also given, not as a dehydration technique by itself, but as pre-treatment that will
improved the results obtained when the product is subjected to one of the men-
tioned techniques.
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1 Introduction

The dehydration of food has been practiced ever since by man. The origin of food
dehydration came from the pre-history, when man sun dried foods to sustain
himself in off-season periods. Like almost all the technological advances, food
dehydration suffered developments in particularly difficult times for humanity.
Coming into the last century, in times of war, for example, has become particularly
important to be able to develop techniques that increased the shelf life of food
products. Drying processes not only tend to prevent the growth of microorganisms
and bacteria in food, but also lead to the decrease of its weight and volume,
making easier the transportation to the war zones. In addition, people were able to
store supplies in larger quantities and for longer periods, addressing the difficulties
caused by food rationing, hunger and diseases, typical of wartimes.

An important contribution to the develop of drying techniques was given by
Sherwood [114] through his work ‘‘Drying of solids’’ where, for the first time, was
given a scientific approach to a technique that until then was essentially a popular
procedure. Drying then became considered as a unit operation different from the
others. From this point, efforts have been made in order to develop new techniques
and equipment for obtaining higher quality products, keeping or even improving
the organoleptic properties of the food. Instant beverage powers, spices, dry soup
mixes, coffee, milk, fruits are some examples of dehydrated foods that can be
found easily nowadays.

Dehydration is a unit operation in which part or all of the water present in the
material is removed by sublimation or evaporation resulting from the application
of heat [16]. Drying is the process that thermally removes volatile substances,
resulting in a solid with a low volatile content or even zero [82]. This second
definition is no more than a generalization of the term dehydration. In these
definitions are not included mechanical processes of water removal, such as fil-
tration or centrifugation, for example.

The main objective of drying is to increase the lifetime of food materials.
Reducing the moisture content, a reduction of water activity is achieved which
reduces the enzymatic activity, inhibits the microbial growth and the progression
of undesirable chemical reactions.

In some cases, drying means an improvement of the organoleptic properties of
the food making it more desirable to the eyes of the consumer. Examples include
dried fruit, vegetables, nuts, and many other snacks, as well as specific types of
meat or fish.

Drying processes can also be used as a pre-treatment of foods, since separation
processes, milling or mixing are often much simpler when the moisture content of
the material is reduced.

As a natural consequence from a loss of water, the dried food have less weight
and a smaller volume when compared to fresh one, which facilitates its packaging
and transportation, factors that, from an economic point of view, are very
important.
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Dehydration processes can be classified as:

(i) Air convection dehydration. The heat is transferred, under atmospheric
pressure, through the foodstuff either from heated air or from heated sur-
faces. The water vapour is removed with the air.

(ii) Microwave dehydration: The microwave radiation is thermally very effi-
cient which reduces the energy requirements and the time of dehydration.
Is commonly used coupled with other techniques.

(iii) Vacuum dehydration. In vacuum dehydration, the main advantage is taken
of the fact that evaporation of water occurs more readily at lower pressures
than at higher ones. Heat transfer in vacuum dehydration is generally by
conduction, sometimes by radiation.

(iv) Freeze dehydration. In freeze dehydration, the water vapour is sublimed off
frozen food. The food structure is better maintained under these conditions.
Suitable temperatures and pressures must be established in the dryer to
ensure that sublimation occurs.

It is also very common to particularize another dehydration process: the osmotic
dehydration. According to principle of this technique, heat is not used to promote
water removal. However, considering that is a unit operation that has as main
objective to reduce moisture content, it is usual to classify the osmosis as a
dehydration process. It is very often to submit the food material to osmotic
dehydration treatments before being subjected to convective, vacuum or freezing
techniques.

2 Dehydration Techniques

2.1 Air Convection Dehydration

Solar drying, also called open air drying, is, probably, the oldest and simplest
convective drying technique, consisting in spreading the raw material over plat-
forms exposed to sunlight. There is no doubt that is a simple and economical
technique, however, presents some important constraints:

(i) there is no control over the drying rate and the drying process may result in
loss of colour, germination, important nutritional changes or total spoilage
of the food;

(ii) does not provide an uniform drying of the food, since it is very dependent
on the way the raw material is spread on the drying platform;

(iii) if drying is too slow the growth of bacteria and fungi will prevent the food
consumption;

(iv) environmental factors such as rain, dust, dirt, insects, birds and other
animals are also decisive factors in food contamination and damage.
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From an industrial point of view, this technique is not so interesting; since it is
clear the need to control the drying process, however, all over the world, it is still
practiced by popular.

In the industrial convective drying systems, an air stream is heated by an
external power source and passes through the material, providing the required
energy to promote the dehydration and transportation of the removed water.
Dehydration involves more or less complex mechanisms of heat and mass transfer,
that are highly conditioned by operating parameters, such as temperature (the
greater the difference between the product and drying medium, the greater the rate
of drying), humidity (higher humidity values means lower drying rates) or velocity
of the air stream and by the product to be treated itself, such as surface (higher
surfaces areas means higher rates of drying), size, shape, density, porosity,
chemical composition (for example, the water that is most difficult to remove is
that chemically bounded in the form of hydrates), etc.

In general, the process of convective drying can be divided into three main
stages:

(i) first, the wet material (food) must be heated until the drying temperature,
this is a very fast procedure and, most of the times, is not detected in the
drying curves, being neglected; in this period the drying rate is essentially
zero, and therefore the moisture content remains almost constant and equal
to the initial moisture content;

(ii) secondly, it occurs the transport of the water present in the macro and
micro pores of the material to the surface and subsequent evaporation; at
this stage the drying rate is constant, which means the moisture content
decreases linearly with the drying time;

(iii) finally, the drying rate starts to decrease until it reaches the final value; for
the vast majority of the food, this is the most important period of the drying
process, and the one that will define the final moisture content of the dried
material.

In Fig. 1 it can be seen an example of a drying curve where the drying rate is
plotted against time. In Fig. 2 the moisture content as a function of time is shown.

In Fig. 3 the temperature of the material during the drying process is plotted.
Initially, the material is heated until the operating value. During the period where
the drying rate is constant, the temperature of the material is essentially constant
due to the effects of evaporative cooling, i.e., when the water is vaporized by a hot
gas stream, the water film at the surface of the solid assume the wet bulb tem-
perature of the drying gas, and the process can be considered as adiabatic, which
means there is no heat exchange with the exterior. With the increasing of the
drying time, during the falling drying rate period, because the moisture content of
the material decreases, the effect of evaporative cooling is not as effective,
resulting in an increase of the temperature of the material. This may be particularly
important for heat sensitive foods [130].

Although the drying process is highly dependent on the characteristics of the
material to be treated, it is possible to make a first classification of the materials as
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non-hygroscopic and hygroscopic. In the first case, after drying, the moisture
content of the material is zero; for hygroscopic materials, representative of most of
the foods, the drying threshold corresponds to a non-zero humidity value. The final
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moisture content may be due to water remaining in the material due to the
existence of closed capillaries, or resulting from the surface tension of water. The
final moisture content of the hygroscopic material is referred to as equilibrium
moisture content, Me, corresponding to the point at which the vapor pressure of the
water on the material is equal to the partial pressure of water in the stream of
drying. In Fig. 4, it is shown a typical curve of the drying rate as a function of the
moisture content for each of these kind of materials.

From Fig. 4 it can be seen that, for hygroscopic materials, the drying rate falls
to zero before the sample is completely dried and the process finishes at this point.

2.2 Microwave Dehydration

In spite of being a simple technique, the convective food dehydration has the
problem of being a highly energetic process, especially in the period in which the
drying rate is decreasing. This is mainly the result of an increased of the com-
plexity of the mechanisms of water removing, enhanced by the reduction of the
material surface and its consequent shrinkage. As a consequence, the drying time
is high and it becomes necessary to increase the temperature at which dehydration
occurs, often resulting in thermal degradation of the material, leading to changes in
color, taste, or nutrient modification. The application, in a combined form, of
convective drying and microwave reduces these effects, since the microwave
radiation is thermally very efficient, thereby reducing the drying time and
increasing the quality of dehydrated product [15, 44, 73, 7, 64, 67, 77, 78, 113].

Typically the application of microwave is done using a constant heating power,
and higher heating powers, mean higher heating rates and shorter drying times.
However, because the non-uniform electric field distribution of the micro wave
inside the material, the heating is not uniform, which, enhanced by a mass
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reduction of the material during the dehydration, may yield undesirable
phenomena of overheating and charring of the food. To minimize this problem, it
may be used two alternative ways of applying microwave radiation: pulsed
microwave, where moments in which the dehydration process is accelerated by the
use of microwave alternate with moments where it isn’t done the application of
radiation [47]; or providing controlled microwave power, preventing the product to
reach high temperatures [3].

The drying kinetics of foods during microwave heat treatment has recently been
a subject of interest for various investigators, being reported drying kinetics for
macaroni [8], garlic [27, 112, 134], apple [13, 66, 141, 142], wheat [136], carrot
[28, 121, 122, 138, 140], parsley [119], black tea [91], mushroom [102], lactose
[79, 80, 139], cabbage [144], mint [87], okra [29, 30], spinach [31], basil [34], kiwi
[77, 78], banana [76] and celery leaves [35].

2.3 Vacuum Dehydration

From the analysis of the water phase diagram (Fig. 5), it is evident that, for lower
values of pressure, the temperature that must be applied to promote the evapo-
ration of water is reduced. Thus, the use of operating pressures lower than the
atmospheric, enables the dehydration process to take place at lower temperatures.
This technique is commonly referred to as vacuum dehydration.

The vacuum dehydration is particularly important when it comes to remove
water from thermo sensitive food, that usually are subject to partial or complete
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deterioration when exposed to high temperatures. Additionally, and because the
heat requirements are lower, this is an energetically less demanding technique,
beyond that the use of atmospheres with smaller quantities of air decreases the risk
of occurring oxidation reactions during dehydration, and characteristics as color,
texture or flavor of the food are improved. On the other way, this is a technique
with higher installation and operational costs, mainly related to technical issues
associated with the need to lower the pressure.

Several studies on vacuum and combined-vacuum techniques can be found in
literature for fruit juices [39, 40, 65], strawberries [68], apple [108], tea [56, 118],
carrot [26, 28], garlic [27], rice [135], cranberries [123, 148, 149], pumpkin
[7, 83], etc.

2.4 Freezing Dehydration

Freeze drying, or lyophilization, is a drying process where the solvent, usually
water, and/or suspension medium is crystallized at low temperature and then
sprayed directly from the solid state through a sublimation process.

Freeze drying was introduced in the 1940s for the production of dry plasma and
blood products. Then, antibiotics and biological materials were prepared on an
industrial scale. With regard to food products, the development of low temperature
drying processes was driven by the need to resolve issues related to the loss of
flavors and aromas of food, present in the conventional drying process [32, 60].

Regarding other methods of dehydration, freeze drying has advantages such as
greater product stability at room temperature, the easier rehydration of the product
by addition of water, the preservation of morphological, biochemical and immu-
nological properties. These aspects are related to the fact that this unit operation
occurs at a low temperature and in an atmosphere poor in oxygen. Besides, the
porous structure and the surface area of the material are remained. In addition, the
final product is more crispy than when dried by convective air drying.

The main problem with freeze drying is associated with high costs of operation
and maintenance, resulting in the most expensive technique of dehydration.
Compared to other processes, the cost of freeze drying are up to twice the costs
associated with conventional drying methods [43].

In a typical lyophilization, the process begins by frozen the product at a uniform
temperature. This procedure must be very rapid in order to obtain a product with
small crystals at surface and amorphous structure. Subsequently, the pressure of
the lyophilizer is reduced, usually below 1 mbar, and the water is removed as
vapor resulting from the sublimation of the ice crystals. In the foodstuff, the
freezing temperature of water is lower than that of pure water and, due to the
increasing concentration of the solutes present in the unfrozen product, there is a
progressive decrease in freezing temperature throughout the process. The sec-
ondary drying stage is the longest part of the processing time, it is required to
remove water that is tightly or chemically bound inside the product. Products are
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dried down to around 2 % moisture content. In Fig. 6 is plotted the temperature
against time during a freeze dehydration process.

The most significant factors in freeze drying is the vacuum pressure, the flux of
energy supplied to the material and the temperature of the condenser, being the
optimum operating values highly dependent on the material to be treated. The
initial drying rate is high due to low resistance to heat or mass transfer. However,
the formation of a resistant layer around the frozen product, which acts as insu-
lation material, will lead to a progressive decrease in the drying rate as the process
progresses.

In addition to food products like coffea [105, 106], fruit juices [1, 9, 37],
tropical fruits [74, 75], abalone [150], strawberries [49], apple [50] or carrot [14],
freeze dehydration is suitable for other goods, including: flowers, microorganisms,
pharmaceuticals, medical devices, cosmetics, etc.

3 Osmotic Dehydration

Osmotic dehydration, from a fundamental point of view, is not a drying technique,
however it is commonly used as a pre-treatment, prior to another preservation
technique like convective air drying, microwave drying or freezing.

Osmotic dehydration is a treatment that allows partial removal water in a
foodstuff and/or the addition of solutes in a controlled manner, respecting the
initial product quality. The process consists of introducing the foods in a hyper-
tonic solution, controlling the operating conditions in order to favour in a greater
or lesser degree the addition of solutes and the food dehydration.

In osmotic dehydration the most used solutes are sugar syrup for the treatment
of fruits and sodium chloride or brine for vegetables treatment. This is a multi-
component diffusion process, in which the water flows from fruits or vegetables to
solution along and with some components of the food, such as vitamins, minerals,
fruits acids, and others. The sugar and/or salt migrate towards the fruit or vege-
table. The obtained products are classified as intermediate moisture food, with
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lower water activity when compared to the fresh products. This is due both to the
removal of water and to the addition of humectants (sugars, sodium chloride). In
spite the process does not reduce water activity sufficiently to completely hinder
the proliferation of microorganisms, it extends, to some degree, the shelf life of the
material.

Although there are some studies of osmotically dehydrated products performed
with meat [45] or fish [101], because fruits and vegetables have a much higher
moisture content, the majority of the published work are devoted to these kind of
food, like, papaya [84], mandarin [125], tomato [6], apple [59, 90, 100], pineapple
[95, 98, 115], mushrooms [129], chayote [103], banana [107], pepper [42, 124],
tomato [36], apricots [41], carrot and pumpkin (Pan et al. [90], and many others.

The works of Ponting et al. [96], Jackson and Mohamed [55] and Islam and
Flink [54] review by Yadav and Singh [145] pointed out some advantages of
osmotic dehydration, namely: it is a low temperature water removal process and
hence minimum loss of colour and flavour take place; enzymatic and oxidative
browning is prevented as the fruit pieces are surrounded by sugar, thus making it
possible to retain good colour; removal of acid and uptake of sugar by the fruit
pieces results in a sweeter product than conventionally dried product; the textural
quality of product is better after reconstitution; simple equipments are required for
the process. The use of an osmotic pre-treatment before conventional drying
processes reduces the energy demand, since water is partially removed without
phase change. Estimates of energy consumption per kg of water removed for
convective drying of foods were at least twice as much as needed for osmotic
dehydration [70]. It also increases sugar to acid ratio, and improves the texture of
the material and the stability of pigments during drying and storage [99]. Before
freezing, an osmotic treatment may be applied with the objective of reducing
refrigeration loads by water removal from the tissue and improving storage with
the addition of cryoprotectants [23].

Despite osmotic dehydration being a good alternative to primarily remove
water from food, one must pay attention to some disadvantages like the reduction
in acidity level which reduces the characteristic taste of some products, or the
sugar coating in some products which forces to a quick rinsing in water after the
treatment. In terms of time, osmotic dehydration is a very slow process. Figure 7
shows a synopsis of the state of the art of the applications of osmotic dehydration
as a pre-treatment in food processing.

4 Drying Kinetics

Simulation models of the drying process are used for designing new and/or
improving existing drying systems, predicting the air flow over the product, or
even for the control of the process (Karathanos and Belessiotis, 1997; Mathiou-
lakis et al., 1998; Xia and Sun, 2002). A deep knowledge of the transfer parameters
(heat and mass transfer, diffusion and thermal conductivity coefficients) and the

78 J. M. P. Q. Delgado and M. V. da Silva



drying behaviour of the particular product to be dried are considered indispensable
for the optimization of the drying performance used in simulation models. For this
purpose, a sufficiently accurate model is required, capable of predicting the water
removal rates and describing the drying performance of each particular product
under the common conditions used in normal commercial relevant facilities [12].

The mathematical study of drying kinetics is a complex process since it
involves not only mass, but also heat transfer phenomena that occurs simulta-
neously. As reported in Figs. 1 and 2, the drying process can be divided into three
consecutive stages [5], where the first stage can be neglected, since it is very fast
and characterized by drying rates close to zero, which means there is no impact in
the moisture content of the material and, therefore, no meaning to the drying
process.

4.1 Constant Drying Rate

In the constant drying rate period, the water is being evaporated from what is
effectively a free water surface. The rate of removal of water can then be related to
the rate of heat transfer, if there is no change in the temperature of the material and
therefore all heat energy transferred to it must result in water evaporation. These
two phenomena—heat and mass transfer—must predict the same rate of drying for
a given set of circumstances. Therefore, the drying rate can be represented by
Brooker et al. [17]
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where hc is the global convective heat transfer coefficient, hm is the global
convective mass transfer coefficient, hfg is the latent heat of vaporization, Rv is the
universal water vapour constant (0.462 J kg-1 K-1), A is the surface area, T is the
drying temperature, Tbu is the wet bulb temperature, Pv? is the vapour pressure,
Pvbu is the vapour pressure for wet-bulb temperature and dM/dt is the (constant)
drying rate.

4.2 Falling Drying Rate

The stage in which the drying rate is decreasing is the most important, since it
corresponds to the period where the transport of water predominantly occurs. The
thin-layer drying models, used to describe this period of the drying process, are
divided into three main categories: theoretical, semi-theoretical and empirical
models [109]. The major difference between these models is that the theoretical
models suggest that the moisture transport is controlled mainly by internal resis-
tance mechanisms, while the other two consider only external resistance. In the
following sections it will be presented the most commonly used models of each
category and several applications will be referred.

4.2.1 Pure Theorical Model: Fick’s Second Law

It has been accepted that drying phenomenon of natural products during the falling
rate stage is controlled by the mechanism of liquid and/or vapour diffusion.
Assuming that the diffusion coefficient is constant, i.e., independent from the local
moisture content, and that the material shrinkage is negligible, the Fick’s second
law, which establishes a relationship between the diffusion coefficient and the
concentration gradient in a given environment, can be used

dM

dt
¼ Deff

d2M

dr2
ð2Þ

where M is the local moisture content, r is the diffusion path, t is the time and Deff

is the effective diffusion coefficient. In 1975, Crank [25] first gave the analytical
solution for various geometries (sphere, cylinder, rectangular plate), later used by
many researchers to describe the drying phenomena of various foodstuffs.

In the case of radial diffusion from a sphere of radius r0, we have the following
initial and boundary conditions:

t ¼ 0 and 0� r\r0; M ¼ M0

t [ 0 and r ¼ 0; dM=dr ¼ 0
t [ 0 and r ¼ r0; M ¼ Me

8<
: ð3Þ
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where M0 is the initial moisture content and Me is the equilibrium moisture
content. Those conditions states that moisture is initially uniformly distributed
throughout the sample, the mass transfer is symmetric with respect to the central
axis and the surface moisture content instantaneously reaches equilibrium with the
surroundings. The analytical solution of Eq. (2) results in

MR ¼ M �Me

M0 �Me
¼ 6

p2

X1
m¼1

1
m2

exp �m2p2Deff t

r2
0

� �
ð4Þ

where MR is the moisture ratio and m = 1, 2, 3,… is the number of terms taken
into consideration.

Analogously, in the case of radial diffusion in a cylinder of radius r0 and length
L, we have the following initial and boundary conditions:

t ¼ 0 and 0� r\r0; M ¼ M0

t [ 0 and r ¼ 0; dM=dr ¼ 0
t [ 0 and r ¼ r0; M ¼ Me

8<
: ð5Þ

being the analytical solution of Eq. (2) given by

MR ¼ M �Me

M0 �Me
¼ 4

X1
m¼1

1

k2
n

exp � k2
mDeff t

r2
0

� �
ð6Þ

where km are the Bessel equation roots.
Finally, for a infinite slab, the initial and boundary condition necessary to the

analytical resolution of Eq. (2) are

t ¼ 0 and 0� r\L; M ¼ M0

t [ 0 and r ¼ 0; dM=dr ¼ 0
t [ 0 and r ¼ L; M ¼ Me

8<
: ð7Þ

where and L is the half thickness of the slab for drying from both sides, or the
thickness of the slab for drying from one side. The solution of Eq. (2) is then

MR ¼ M �Me

M0 �Me
¼ 8

p2

X1
n¼1

1

2n� 1ð Þ2
exp � 2n� 1ð Þ2p2Deff t

4L2

" #
ð8Þ

Assuming that only the first term in the series equations presented above is
important [131] and applying the natural logarithm to both sides of equations, it is
possible to obtain the effective diffusion coefficient from the slope of the straight
line obtained when ln(MR) is plotted against time. For each of the considered
geometries the corresponding equations are:
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Sphere: ln MRð Þ ¼ ln
6
p2

� �
� p2Deff

r2
0

t ð9Þ

Cylinder: ln MRð Þ ¼ ln
4

k2
1

 !
� k2

1Deff

r2
0

t ð10Þ

Slab: ln MRð Þ ¼ ln
8
p2

� �
� p2Deff

4L2
t ð11Þ

The effect of temperature over the effective diffusion coefficient is an important
factor to improve the quality of the predicted values of MR, and can be addressed
through an Arrhenius relationship

Deff ¼ D0 exp � Ea

RT

� �
ð12Þ

where D0 is a diffusivity constant equivalent to the diffusivity at infinitely high
temperature, Ea is the activation energy and T is the absolute temperature. Plotting
experimental values of ln(Deff) as a function of 1/T, it is obtained a straight line
where the intercept gives D0 and the slope gives –Ea/R. In Fig. 8 is presented an
example of this procedure made by Kashaninejad et al. [61, 62].

Fig. 8 Arrhenius-type relationship between effective diffusivity and temperature [61, 62]
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4.2.2 Semi-Theoretical Models

The semi-theoretical models are derived directly from the general solution of Fick’s
law by simplification. It is important to note that the semi-theoretical models are
valid only in the specific parameters range for which they were obtained, namely
temperature, relative humidity, air flow velocity and moisture content.

The basic equation used to characterize the thin layer drying process, is similar
to the Newton’s law for cooling, and considers only one drying constant to
describe the effect of all transport mechanisms existing during the drying process.
Assuming that the bulk moisture content depends only on the time, the equation
suggested by Lewis [71] has the form

MR ¼ exp �ktð Þ ð13Þ

To overcome the shortcomings of the exponential model, Page [89] proposed a
model that includes an empirical modification in the time term by introducing an
exponent n

MR ¼ exp �ktnð Þ ð14Þ

He firstly applied this model to the shelled corn dehydration, and stated that the
parameter k and n were air temperature and dew point dependent. Henderson and
Pabis (1961) introduced a slight modification in the Lewis equation, by including a
constant a in the exponential term

MR ¼ a exp �ktð Þ ð15Þ

In Overhults et al. [86] modelled the soybean dehydration using an approach to
Page’s model

MR ¼ exp � ktð Þn½ � ð16Þ

A year later, Henderson (1974) proposed a two-term model

MR ¼ a exp �k0tð Þ þ b exp �k1tð Þ ð17Þ

An approach of the diffusion was suggested by Sharaf-Elden et al. [110, 111]

MR ¼ a exp �k0tð Þ þ 1� að Þ exp �k1tð Þ ð18Þ

In 1999, Karathanos used a modified Hander and Pabis equation to determine
the water content of dried fruits

MR ¼ a exp �k0tð Þ þ b exp �k1tð Þ þ c exp �k2tð Þ ð19Þ
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In Table 1 are presented several studies that take into account the above
Equations for modeling many different food materials. One must be aware that
those equations are not the only ones used for drying modeling, but they are,
probably, the most used ones.

4.3 Empirical Models

The empirical models directly correlate moisture content with time, having no
physical connection with the drying process itself. Like the semi-theoretical
models also purely empirical models are valid only for the experimental conditions
which were developed.

Table 1 Semi-theoretical thin-layer drying models

Model References

Lewis MR ¼ exp �ktð Þ Carbonell et al. [19], Hansen et al. [51], Ayensu
[10], Ozdemir and Devres [88], Panchariya
et al. [91], Togrul and Pehlivan [127], Akgun
and Doymaz [4], Akpinar [5], Babalis et al.
[12], Kashaninejad et al. [61, 62], Upadhyay
et al. [132]

Page MR ¼ exp �ktnð Þ White et al. [143], Chinnan [22], Karathanos and
Belessiotis [57], Park et al. [92], Senadeera
et al. (2003), Doymaz [38], Akgun and
Doymaz [4], Akpinar [5], Babalis et al. [12],
Kaleemullha and Kailappan (2006), Saeed
et al. [104], Kashaninejad et al. [61, 62]

Henderson and Pabis MR ¼ a exp �ktð Þ Henderson and Pabis [53], Sharaf-Elden et al.
[110, 111], Chinnan [22], Ozdemir and
Devres [88], Akgun and Doymaz [4], Akpinar
[5], Babalis et al. [12], Saeed et al. [104],
Kashaninejad et al. [61, 62]

Modified Page MR ¼ exp � ktð Þn½ � Sogi et al. [117], Ceylan et al. [21], Goyal et al.
[46], Akgun and Doymaz [4], Akpinar [5],
Babalis et al. [12]

Two-term MR ¼ a exp �k0tð Þ þ b exp �k1tð Þ Sharaf-Elden et al. [110, 111], Rahman et al. [97],
Yaldiz et al. [147], Dandamrongrak et al. [33],
Togrul and Pehlivan [128], Lahsasni et al.
[69], Akpinar [5], Babalis et al. [12],
Kashaninejad et al. [61, 62], Wang et al. [141,
142]

Diffusion approach
MR ¼ a exp �k0tð Þ þ 1� að Þ exp �k1tð Þ

Yaldiz and Ertekyn [146], Togrul and Pehlivan
[128], Akgun and Doymaz [4], Akpinar [5],
Wang et al. [141, 142]

Modified Henderson and Pabis
MR ¼ a exp �k0tð Þ þ b exp �k1tð Þ

þ c exp �k2tð Þ

Karathanos [58], Yaldiz and Ertekyn [146],
Akpinar [5], Kaya et al. [63]
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In 1968, Thompson et al. proposed an equation for shelled corn drying.

t ¼ a ln MRð Þ þ b ln MRð Þ½ �2 ð20Þ

In 1978, Wang and Sing applied an equation to rough rice.

MR ¼ 1þ at þ bt2 ð21Þ

The standardised Weibull model can be applied in many biological systems,
and it was found valuable in the modelling of dehydration–rehydration phenomena
mainly for differentiating between diffusion and external resistance processes
(Marabi et al., 2003; [24])

MR ¼ exp � t

k

� �nh i
ð22Þ

In Table 2 are presented some examples where those empirical models were
successful applied.

4.4 Determination of Desorption Isotherms

A sorption analysis must be performed to know the moisture content of the product
at equilibrium, Me, since drying behavior is influenced by adsorption–desorption
characteristics. This state of equilibrium results from multiple interactions on a
microscopic scale, which is described by a relationship between the equilibrium
water content of the product to be dried and the relative humidity of the atmo-
sphere which surrounds it at a constant air temperature [11]. In literature it possible
to find numerous isotherms equations that can be used to obtain the equilibrium
moisture content of foodstuff, from which we selected those are listed hereafter:

• BET [18]

M ¼ Mm C aw

1� awð Þ 1� aw þ C awð Þ ð23Þ

Table 2 Empirical thin-layer drying models

Model References

Thompson t ¼ a ln MRð Þ þ b ln MRð Þ½ �2 Thompson et al. [126], Paulsen and Thompson [93],
Babalis et al. [12], Kashaninejad et al. [61, 62]

Wang and Singh MR ¼ 1þ at þ bt2 Wang and Singh [137], Akgun and Doymaz [4],
Akpinar [5], Babalis et al. [12]

Welbull distribution MR ¼ exp � t
k

ffi 	n
 �
Babalis et al. [12]
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• Oswin [85]

M ¼ A
aw

1� aw

� �B

ð24Þ

• Smith [116]

M ¼ A� B ln 1� awð Þ ð25Þ

• Halsey [48]

M ¼ � A

T ln awð Þ

� �1=B
ð26Þ

• Henderson [52]

M ¼ � ln 1� awð Þ
A

� �1=B
ð27Þ

• Caurie [20]

M ¼ exp Aþ Bawð Þ ð28Þ

• Modified Henderson [126]

M ¼ � ln 1� awð Þ
A T þ Cð Þ

� �1=B
ð29Þ

• GAB [133]

M ¼ Mm C K aw

1� K awð Þ 1� Kaw þ C K awð Þ ð30Þ

• Modified BET (Aguirre et al., 1989)

M ¼ MmCaw

1� awð Þ 1 � C ln 1� awð Þ½ � ð31Þ

• Peleg [94]

M ¼ A aC
w þ B aD

w ð32Þ
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• Motta Lima (Lima et al. [72]

M ¼
ln 1� aC

w

ffi 	
A exp � B

T

ffi 	 ð33Þ

5 Conclusions

The drying of food, in particular its dehydration, is a process that dates back to the
earliest times. Its application at industrial level is becoming more widespread, and
the study and dissemination of information on this unit operation is useful. This
chapter is an approach of the main techniques used in food dehydration, stating in
a summary form, the operating principle and the main advantages and constraints.
Throughout the text references for further reading are mentioned.

The study of physical and structural changes during dehydration is important
because they are related with different aspects of food processing, as well as with
the quality of the dehydrated product and its acceptance by the consumer. It is
clear that the use of procedures that minimize the changes of structure, colour,
organoleptic, physical and chemical properties are critical to the final quality of the
dried product, although often this means higher costs of operation and/or main-
tenance, as in the case of freeze dehydration.

The osmotic dehydration, as a pre-treatment, is a very commonly used tech-
nique, because it reduces the moistures content of the fresh product and the
conventional dehydration process is easier, less aggressive to the material and
requires smaller amounts of energy, being less expensive.

The mathematical study of drying kinetics is a complex process since it
involves not only mass, but also heat transfer phenomena that occur simulta-
neously, nevertheless the knowledge about simulation models of the drying pro-
cess are of decisive importance for designing new and/or improving existing
drying systems. Theoretical, semi-theoretical and empirical models to describe the
drying rate and/or moisture content as a function of the operating parameters are
presented here, together with the most used isotherms equations necessary to
predict the equilibrium moisture content.
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Nomenclature

A Surface area
a Thin-layer drying model parameter
A Isotherm parameter
aw Water activity
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b Thin-layer drying model parameter
B Isotherm parameter
C Isotherm parameter
D Isotherm parameter
D0 Diffusivity constant equivalent to the diffusivity at infinitely high

temperature
Deff Effective diffusion coefficient
dM/dt Drying rate
Ea Activation energy
hc Global convective heat transfer coefficient
hfg Latent heat of vaporization
hm Global convective mass transfer coefficient
k Thin-layer drying model parameter
K Isotherm parameter
k0 Thin-layer drying model parameter
k1 Thin-layer drying model parameter
k2 Thin-layer drying model parameter
L Length (of the cylinder, the half thickness of the slab for drying from both

sides, or the thickness of the slab for drying from one side)
M Local moisture content
M0 Initial moisture content
Me Equilibrium moisture content
Mm Monolayer moisture content
MR Moisture ratio
n Thin-layer drying model parameter
Pvbu Vapour pressure for wet
Pv? Vapour pressure
r Diffusion path
r0 Radius (of the sphere or the cylinder)
Rv Universal water vapour constant (0.462 J.kg-1.K-1)
T Drying temperature
t Drying time
Tbu Wet bulb temperature
km Bessel equation roots
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Convective Drying of Food: Foundation,
Modeling and Applications
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Abstract This chapter focuses in a theoretical and experimental study of food
dehydration with particular reference to drying of fruits and vegetables. Topics
related to fundamentals, theory and effect of drying and modeling are presented and
discussed. Application has been done to drying of banana fruit. Whole bananas were
peeled manually and dried in an oven at temperatures ranging from 40 to 70 �C.
Drying, heating and shrinkage lumped models were proposed and fitted to experi-
mental data. Non-linear regression analyses were done to verify the consistence of
the models to predict the experimental data. Results revealed which air temperature
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affect significantly moisture removal, heating and dimensions variations rates and
quality of banana fruit. The fitted models presented good concordance with
experimental data.

Keywords Drying � Experimental � Lumped model � Simulation

1 Basic Concept in Food

Food is any substance consumed to provide nutritional support for the body. It is
ingested and assimilated by an organism to produce energy, stimulate growth, and
maintain life.

Food products exist in the solid and liquid phases. They present great variability
in composition and physical characteristics. For example, the composition of
grains, fruits and vegetables depends on variety, site variables, climate, etc. [1].

Constituents commonly found in foods include moisture, protein, fat, carbo-
hydrate, fiber, and ash [2]. The volatile part of a food item can be termed moisture.
Moisture in the form of water molecules is bonded to various parts of the product
in varying ways as follows: (a) ionic groups, such as carboxyl and amino acids,
and (b) hydrogen groups, such as hydroxyl and amides. In high-moisture foods in
which moisture contents are more than 50 % wet basis, unbound free water exists
in the interstitial pores and in intercellular spaces [3].

Because water (continuous liquid phase) is the predominant constituent (highest
concentration) in most fresh foods, water concentration significantly influences the
palatability, digestibility, physical structure, technical handling ability, and ther-
mophysical properties of food materials [2, 4].

For agricultural and horticultural products, water content varies with the cul-
tivar as well as with the stage of development or maturity when harvested, the
growing conditions, and amount of moisture lost after harvest [2].

Most of the deteriorative processes that take place in foodstuffs are influenced
by the temperature, and concentration and mobility of water inside the food.
Perishable food materials are more stable at low than at high moisture content, and
low storage temperature [4]. Thus, one of the prime goals of food processing on
preservation is to convert perishable foods such as grains, fruits and vegetable in
stabilized products, consequently reducing postharvest losses, in order to extend
storage self life and to quality enhancement.

Today, several process technologies have been employed on an industrial scale
to preserve fresh foods, such as packing, canning, cooling, freezing, heating, and
dehydration [5].

A food product is in equilibrium with its surrounding when its internal vapor
pressure becomes in equilibrium with the outside vapor pressure. This condition
occurs as the wet material has been exposed to a particular air condition for a
sufficiently long period of time (steady-state limit condition). The moisture content
of the product at this stage is called the equilibrium moisture content [3] and its
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magnitude is a function of the structure and type of the subject food and of the
prevailing drying condition [6]. It has been used as reference to safe storage of
the perishable materials.

Thus, there is a wide range of techniques available in the literature for mea-
suring the wet material moisture content. They are divided in direct and indirect
methods. In direct methods the following can be cited: material heating, chemical
drying, azeotropic distillation, chemical methods, gas chromatography and
refractometry. In indirect methods the following can be distinguished: electrical
conductivity, capacitance, microwaves, infrared absorption, equilibrium relative
humidity and temperature difference [7, 8].

2 Food Dehydration Foundations

2.1 Fundamentals

Food dehydration is one of energy-intensive unit operations that has been used to
removal the moisture from solids food as an integral part of food processing.
Dehydration can be realized by heating (drying) and osmotic pressure difference
(osmotic dehydration).

Dehydration of fresh foods generally involves a series of interdependent unit
operations like blanching, pasteurization, preconcentration, and drying, all of
which contribute to the overall quality of the final product after processing.
Dehydration by drying involves simultaneous transfer of heat, mass and
momentum in which heat penetrates into the product and moisture is removed by
evaporation into an unsaturated gas phase.

Many perishable food products of great nutritional importance for peoples, such as
fruits and vegetables, are dehydrated in the food industry. The loss of nutrients and
functional attributes varies with regard to the type, condition and time of dehydration
process and the sensitivity of specific food components. During dehydration the
product is generally above room temperature but well below sterilization temperature.
The added heat and exposure time of the product at elevated temperature affect the
nutrient quality of the food products, especially that very sensitive to heating.

The different types of food degradation during dehydration by drying are
chemical (enzymatic and non enzymatic browning reaction, lipid oxidation, color
loss), physical and structural (rehydration, solubility, texture, and aroma loss) and
nutritional (vitamin loss, protein loss, and microbial changes). All changes depend
on water activity, temperature and exposure time [3, 6].

The aim of dehydration is to prevent the growth and reproduction of micro-
organisms causing decay and minimizes many of the moisture-mediated deterio-
rative reactions. It brings about substantial reduction in weight and volume,
minimizing packing, storage, and transportation costs and enables storability of the
product under ambient temperature [5]. Thus, following advantages of this thermal
process can be cited [3]:
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a. Extended storage life;
b. Quality enhancement;
c. Ease of packaging, handling, and transportation;
d. Sanitation (Destruction of insects and the microorganisms);
e. Improved milling, mixing, or segregations.

Most perishable food products, such as, fruits and vegetables contain more than
80 % water and they are, therefore, highly perishable. Water loss and decay
account for most of their loss, which are estimated to be more than 30–40 % in the
developing countries in the tropics and subtropics due to inadequate handling,
transportation, and storage facilities.

Consequently, the need to reduce postharvest losses of these perishable horti-
cultural foods is of paramount importance for developing countries, in order, to
increase their availability, especially in the present context when the constraints on
food production are continually increasing [5].

Heat and mass transfer plays a very important role in different unit operations of
food processing, such as drying, extraction, distillation, and absorption [9]. They
involve moisture and heat fluxes in solid foods and interphase heat and moisture
transfer in food processing and storage.

Moisture flux within the solid porous food during drying, rehydration, or
storage is a complex physical process that depending on the size, shape, and
connectivity of the pores may take place via mechanisms molecular diffusion,
capillary flow, Knudsen flow, hydrodynamic flow, or surface diffusion. Molecular
diffusion is the mass transfer provoked by random movement of molecules.
Knudsen diffusion occurs when the mean free path of the diffusing molecules is
large in comparison with the diameter of the capillary [9, 10].

Mass diffusion of gases, vapors, and liquids in solids media is more complex
process than diffusion in liquids. The porous solids usually have a heterogeneous
structure, and they may interact with the diffusing compounds. Consequently, the
diffusion velocity of small molecules in these solids is much lower than in liquids,
and this may affect the various physical and chemical processes velocities
involving mass transfer [9].

Diffusion in gases can be treated in terms of kinetic theory, but an empirical
treatment is necessary for diffusion in solids. In this context, mass diffusivity is a
physical property of the system (diffusing substance and medium) that represents
as quickly the moisture migrates within the porous solid [9].

In isotropic porous solids, diffusion can be expressed in terms of an effective
mass diffusivity (De), which is smaller than the molecular diffusivity (DAB), being
defined as follows [11]:

De ¼
eDAB

s
ð1Þ

where e is porosity (void fraction) of the solid and s is the tortuosity, a factor that
connects for the long tortuous path through the pores (varying from 1.5 to 5) [9].
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Estimation of the effective diffusion coefficient in isotropic macroporous media,
has also been proposed by van Brakel and Heertjes [12] as follows:

De ¼
de
s2

� �
DAB ð2Þ

In this equation d represent the constrictivity, and DAB is the vapor diffusivity in
air in the absence of porous media [13]. The constrictivity accounts for the fact
that the cross section of a pore space segment varies over its length. Many fresh
foods present a porous structure, which is developed during the drying process,
especially in process at high temperature, when water is removed as a vapor. The
porous structure can be characterized by the bulk porosity or void fraction of the
material, which can be estimated by using the following equation [14]:

e ¼ 1� qb

qp

ð3Þ

where qb is the bulk density and qp the particle (solid) density.
Effective or apparent moisture diffusivities, reported in the literature, have been

estimated, usually from drying or sorption rate experimental data at a specified
temperature [9].

The diffusivity of the various compounds in the porous solid depends on the
temperature, and the following form of the Arrhenius equation has been applied:

d lnDe

dT
¼ � E

RT2 ð4Þ

where E is the energy of activation for diffusion, which may vary with the con-
centration of the diffusant in the solids [9]. Further, it is found in the literature
different equations for mass diffusivity as a function of the moisture content and/or
temperature [15]. In general comparison between diffusivities reported in the lit-
erature is difficult because of the different methods of estimation and the variation
of food composition and physical structure. The need for more reliable data of
diffusivity is obvious [9].

In porous (granular extruded, puffed) foods, the effective moisture diffusivity
increases gradually as the moisture content is reduced to about 0.1, evidently due
to the development of porosity [9].

The diffusion of volatile aroma compounds is very important in food processing
and storage, and an understanding of the mechanism of mass transfer will help in
maintaining the food quality. On the basis of high relative volatility, high losses of
volatiles would be expected during evaporation and drying of food products.
However, those components may be retained at a relatively high percentage in the
dried product because of the presence of soluble and insoluble solids in the food.
Retention of aroma compounds depends on the concentration and nature of the
food solids. During the fast evaporation in liquids food or wet solids foods,
thermodynamic equilibrium is not reached with the very volatile components [9].
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Interphase mass transfer plays an important role in different processes such as
evaporation, drying, freezing, and storage of foods. During drying of wet porous
materials simultaneous heat and mass transfer occurs both inside and in the
boundary layer of the drying agent surrounding it. In general, in the drying process
a considerable influence is exerted both by the external conditions and by the
internal structure of the material to be dried. In this context, hygroscopic porous
solids are more likely to exhibit internal resistance to moisture migration for some
materials, particularly foodstuffs, because their internal cellular structure and the
presence of shell. The relative significance of the internal and external heat and
mass transfer process can be expressed by Kirpichev number or Biot number [7]. If
the resistance to mass transfer at the surface of the porous solid is significant
compared to the resistance within the solid, it must be considered. For this purpose
the Biot number of mass transfer has been used. This parameter is defined by the
following equation:

Bi ¼ hL
De

ð5Þ

where h is the convective mass transfer coefficient at the surface of the solid. By
analyzing the Eq. (5), we notice that high Biot number can be obtained by
increasing the mass transfer coefficient [9].

Similar equation for Biot number has been applied to heat transfer process by
changing diffusion coefficient by thermal conductivity and convective mass
transfer coefficient by convective heat transfer coefficient.

The literature contains very few experimental data on mass (or heat) transfer
coefficients pertinent to food systems.

Interphase mass (or heat) transfer rates can be increased by increasing the air—
velocity and /or temperature. Centrifugal force may increase the mass transfer rate,
and a centrifugal fluidized bed has been proposed to accelerate air—drying of
fruits and vegetables [9, 16].

2.2 Prediction in Drying

In recent days, with the drying of food materials the following trends are found [10]:

(a) Understanding of the physical and mathematical aspects of the dehydration
process;

(b) Reduction of the changes in foodstuffs during dehydration;
(c) Optimization of the drying process.

Modeling of the drying process ultimately has presented great potential to
quickly identify the consequences of schedule alterations and provide focus to the
solution of drying problems. The modeling of wet porous solids drying includes
two inter-related areas [17]: (a) modeling of single-particle drying or collection of
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particle (thin-layer model) and (b) modeling of deep-bed layer drying (dryer
model).

Mathematical modeling and numerical simulation not only allows some rather
expensive and repetitive experimentation to be avoided, but perhaps most
importantly, can be used to elucidate on the underlying physic associated with the
convoluted heat and mass transport phenomena which are generated within the
porous media during the drying process [18].

It is very difficult to mathematically describe the transport of water in structured
food material. Despite of this situation, several empirical, semi-empirical, and
theoretical models have been proposed to describe drying process. Theoretical
models take into account only internal resistance while the semi-empirical and
empirical models (thin-layer drying models) take into account only external
resistance to heat and moisture transfer between wet porous solid and air (internal
resistance is negligible). Further, as shrinkage in fruits is an observable phe-
nomenon and may have significant effect on mass diffusivity, it must be taken into
account in order to obtain reliable predictions of performance. The changes in the
volume of a solid during diffusion can be taken into consideration by using suitable
frames of reference based on the dry solids content of the material.

Because the simplifications, the empirical and semi-empirical models cannot
give clear and accurate of the fundamentals of the drying process, but they can
used to complete mathematical models at the level of the drying equipment or
supply information of the average moisture content and temperature at a specified
drying time.

In general, the non-steady state mass diffusion in solids can be treated math-
ematically in manner similar to the heat conduction (Fourier’s law).

The moisture transfer in heterogeneous porous media can be conveniently
analyzed by using Fick’s second law applied to homogeneous porous materials, in
which the heterogeneity of the material is accounted by using an effective
diffusivity.

Moisture diffusivity depends strongly on temperature and, often, very strongly on
the moisture content. Further, as reported before, the void fraction affects diffusivity
significantly, and the pore structure and distribution do so even more [13].

In foods, mass diffusion is often moisture concentration dependent. Because of
this non-linearity the differential equation of diffusion must be solved by numerical
or other special methods. On the other hand, when strong interactions between the
diffusing component and the porous medium occur, for example, swelling, diffu-
sion does not obey Fick’s law (non-Fickian diffusion). Non-Fickian diffusion or
anomalous diffusion may be directly related to the influence of the changing
structure on solubility and diffusional mobility, or they may result from the
internal stresses exerted by one part of the porous media an another as diffusion
proceeds [19].

Exact solution of the non-steady state (transient) diffusion equation for constant
mass diffusivity (or thermal diffusivity) and various boundary conditions are
available in the literature for the basic shapes such as slab, finite and infinite
cylinder, parallelepiped, and sphere [19–23].
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The mass diffusivity of various substances in solid media is of special interest to
food engineering, because most mass transport operations in the food industry
involve solid or semisolid foods. Literature data are very limited, and they vary
considerable because of the complex structure of foods and the lack of a standard
method for determination of diffusivity [9].

The mechanism of water transport may change from liquid diffusion at high
moisture to vapor diffusion, which is much faster. At low moisture (\0.1) the mass
diffusivity drops sharply because of the difficulty of removing the strongly sorbed
water molecules from solid matrix [9, 24].

Now that we have discussed about moisture diffusion in wet food materials to
be dried, the next step is to perform application related to this topic.

3 Application: Drying of Banana Fruit

3.1 Background

Several types of dryers and drying methods, each better suited for a particular
situation, are commercially used to remove moisture from a wide variety of fruits
and vegetables. Factors on which the selection of a particular dryer/drying method
depends include form of raw material and its properties, desired physical form and
characteristics of the product, necessary operating conditions, and operation costs.
In general, the following quality changes during drying and storage of fruits can be
cited [5]:

(a) Loss of vitamins (vitamins A and C);
(b) Loss of natural pigments (carotenoids and chlorophylis);
(c) Discoloration due to enzymatic or nonenzymatic browning;
(d) Oxidative degradation and flavor loss;
(e) Irreversible damage to the texture (shrinkage, slow cooking, and incomplete

rehydration);
(f) Loss of water reducing microbiological spoilage.

Fruits and vegetables play an important role in human diet and nutrition as
sources of vitamins and minerals. Overall post-harvest losses of fruit and vege-
tables in developing countries are estimated at about 20–50 % of the production.
Fresh fruits are dried after harvesting, in order to reduce the waste and the
spoilage, and to extend their shelf life. During the drying of fruits and vegetables
occurs big variations of the volume and surface area of the product simultaneously
with the loss of moisture and increase of the temperature. Therefore, it is necessary
to devote more attention to shrinkage phenomenon, because it affects the drying
and heating rates.

Bananas are fruits with aromatic flavor which are naturally sweet. They contain
different constituents such as fat, high natural sugars content, protein, potassium
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and vitamins A, B complex and C. They provide flavor and variety to the human
diet, and also serve as an important source of essential vitamins and minerals,
although they are not good and economical sources of protein, fat and energy.
From the viewpoint of production and consumption banana fruit post-harvested
contains high moisture content, and therefore very perishable and susceptible to
fast deterioration during transportation and storage. This in turn causes serious
economic losses as a result of reduction in weight and quality.

Because the sequential growth of banana cultures and the amount of harvested
banana, losses of these fruits has increased and thus generates the necessity of
studies for conservation of these fruits [25–27]. Commercially, banana, whole or in
slices, is dried from approximately 80 % to less than 20 % final moisture content
[28, 29] or down to 14–15 % final moisture content (on dry basis) [30]. Due to the
high sugar and water contents, bananas are dried normally in high temperatures
and prolonged drying times, which can cause serious adverse changes in the
finished products [31].

In order to accurately understand moisture migration phenomenon within bio-
logical products, mainly foodstuffs (grains, fruits, vegetables, etc.), and to explain
the effects of drying on the quality of the material, the moisture and heat transfer in
individual particles should be understood and accurately represented by a math-
ematical model. Now, this chapter presents both theoretical (drying, heating and
shrinkage lumped models) and experimental drying study of banana fruit.

3.2 Experimental Procedure

Farias [32] and Farias et al. [33] conducted several batch drying experiments of
peeled whole banana. Ripened banana fruits (Musa species and ‘‘prata’’ variety),
purchased from a local super market were used in the investigation, immediately.
The whole fruits were hand peeled. Measurements of the thickness, length and
diameter were made at different points with a digital paquimeter and initial weight
was measured using a digital electronic balance. All bananas used for drying were
from the same batch. Drying experiments were performed for peeled whole banana
using a laboratory-scale system (oven) in different drying temperatures. The air
velocity was set at a constant 1 m/s. Fruit was placed into the oven on a stainless
steel mesh tray. Figure 1 shows one the fruits used in the drying experiments.
Table 1 shows the experimental information about the fruit and drying air.

Moisture loss was measured by periodically taking out and weighting the
banana using a digital electronic balance with 0.1 g precision; surface temperature
was measured using an infrared thermosensor. Following, we putting the sample
within an oven for continue drying until the next time point. Each time interval for
the measurement was 5 min. The drying continued until there was no significant
decrease of the fruit moisture with increasing the drying time between consecutive
measurements. After this instant of drying the fruit was maintained for 24 h at the
same temperature, in order to obtain the moisture in the equilibrium condition.
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This moisture was used to calculate the value of equilibrium moisture content.
Following, the fruit was maintained into the oven for more 24 h at temperature of
70 �C, in order, for obtain dry matter mass.

3.3 Mathematical Treatment

In order to describe the drying behavior of banana, and predict it under different
drying conditions, it is necessary to model the drying process. Drying of banana
predominantly follows a falling rate profile. Because the high moisture content of
fruit post-harvested mass transfer during this period is mainly caused by liquid
diffusion. As results, the rate of diffusion is governed by moisture concentration
gradient as the driving force. Thus, Fick’s law of diffusion and empirical models
can be used to model the drying behavior for this period. At present, there are very
few models that represent the batch drying of tropical fruits specially banana.
Herein, it was propose models to moisture removal, heating and shrinkage of the
banana fruit.

Fig. 1 Banana fruit and
geometrical representation

Table 1 Experimental parameters of the air and whole banana used in this work

Air Whole banana

T (oC) RH (%) v (m/s) C (mm) L (mm) D (mm) Mo (d.b.) Me (d.b.) ho (oC)

40 29.58 0.04 116 112.76 29.65 2.0534 0.1441 26.7
50 17.32 0.05 110 97.60 26.72 2.3669 0.0672 27.2
60 10.15 0.06 136 122.39 31.42 2.3752 0.0452 27.3
70 6.93 0.07 115 105.36 27.83 2.5541 0.0015 27.6
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(a) Drying model

Mass diffusion equation as applied to simple geometry, for example, plate,
cylinder, sphere and ellipsoid, has exact solution which average value of the
moisture content is given for a convergent infinite series as follows [19–23, 34, 35]:

ðM�MeÞ=ðMo �MeÞ ¼
X1
n¼1

Anexp �Kntð Þ ð6Þ

where Na and Kn are dependent of the body shape and specified boundary
condition.

In the Eq. (6), the successive terms of the infinite series decrease by increasing
the numbers of terms (n). For long drying time, convergence must be faster, and
few terms of the series are sufficient to calculate the average value of the moisture
content. Thus, considering n = 3, Eq. (6) assumes the form presented in Eq. (7),
as follows:

ðM�MeÞ=ðMo �MeÞ ¼ A1exp �K1tð Þ þ A2exp �K2tð Þ þ A3exp �K3tð Þ ð7Þ

(b) Heating model

The model to predict surface temperature of fruit during drying was based on
the works of Azzouz et al. [36], Pérez [37] and Lima et al. [38]. It is given by
Eq. (8) following:

ðh� heÞ=ðho � heÞ ¼ A1 þ A2log10 tK1 þ A3
� �

ð8Þ

(c) Shrinkage model

During drying process, the porous body changes dimensions by heating (dila-
tion) and moisture removal (contraction, well-known as shrinkage). Dilation
phenomenon is insignificant as compared with shrinkage, because the volumetric
dilation coefficient is smallest that the shrinkage coefficient, mainly for fruits and
vegetables. However, when moisture movement from the body to surrounding is
stopped, dimension variation due to heating is a very important phenomenon; it
provokes large thermal stress within the solid, mainly for more rigid materials
(post-drying). A fundamental point in the theory of shrinkage phenomenon is to
explain by an equation like both volume and average moisture content are related.
According by Lima [38] and Lima et al. [39, 40, 41], the following mathematical
relation for linear shrinkage was proposed:

Convective Drying of Food: Foundation, Modeling and Applications 105



Vð Þt
Vo
¼ 1� K1 �Mo � �Mð Þ ð9Þ

In the Eqs. (7), (8) and (9), the parameters Ai and Ki are obtained by fitting the
models to experimental data.

During drying process banana shrinks, modify its shape, decreases the area of
heat transfer and increases the superficial roughness. This last characteristic pro-
vides an increase of the turbulence level in the boundary layer, thus, favoring
transfer of energy between air and fruit. For determination of the volume [42] and
surface area [43] of the banana, which was considered as a prolate spheroid it was
used the following equations:

Vð Þt¼
4
3
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� �
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� �2
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ð10Þ
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3.4 Results Analysis

3.4.1 Drying Experimentation

Based on the current experimental drying characteristics data, it was plotted in
Figs. 2, 3, 4, 5, 6 and 7 moisture content, surface temperature and volume vari-
ations (shrinkage) as a function of the drying time. From the analyses of these
figures we can see that moisture content decreases with the time and that the
drying and shrinkage rates are higher as higher temperature and lower relative
humidity of the drying-air are used.

The effect of drying-air temperature on drying time showed that increase in air
temperature resulted in decrease in drying time. Further, it can be seen that drying
rate decreased continuously with decreasing moisture content or increasing drying
time. An almost linear behavior of the volume and surface area with the moisture
content has been verified. Surface temperature of the fruit varied during drying
process and reached thermal equilibrium more quickly in the lower drying tem-
perature. Thus, we notice that the drying occurred in falling drying period, for a
fixed temperature, in accordance to literature [25, 31, 44–50].

From the analysis of the Fig. 7 it can be seen that temperature has different
behavior. This is an indicative that both thermal diffusivity and convective heat
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transfer coefficient at the surface of fruit are affected by volume and temperature
variations.

Table 2 presents the dimensionless length, dimensionless surface area and
volume for each experimental test. From the analysis of this table we notice that
the shrinkage of the fruit correspond almost to the volume of water removed
during drying for each experiments. The, according to Eq. (9), there is almost
linearity between the volume variation and moisture content. Shrinkage is more
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Peeled whole banana
T = 40°C, RH = 29.58%
T = 50°C, RH = 17.32%

T = 60°C, RH = 10.15%
T = 70°C, RH = 6.93%

Fig. 2 Experimental
dimensionless average
moisture content of the whole
banana as a function of
drying time at different
drying conditions
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Fig. 3 Experimental
dimensionless volume of the
whole banana as a function of
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intense in higher air temperature. Similar behavior occurs with surface area.
Dimensionless data of the diameter and length are different, so, we can say that the
shrinkage velocities are different in both radial and axial directions of the fruit.
Thus, it was verified a non-uniform shrinkage. Area/volume relationships remain
approximately constant for all samples.
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Fig. 4 Experimental
dimensionless volume of the
whole banana as a function of
average moisture content at
different drying conditions

0 1000 2000 3000

t (min)

0.40

0.60

0.80

1.00

S/
So

Peeled whole banana
T = 40°C, RH = 29.58%
T = 50°C, RH = 17.32%

T = 60°C, RH = 10.15%
T = 70°C, HR = 6.93%

Fig. 5 Experimental
dimensionless surface area of
the whole banana as a
function of drying time at
different drying conditions
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Figure 8 illustrates the fruit at different instants of drying at temperature 70 �C.
We can see that the surface hardness, shape variation and loss of color were
verified in the fruit post-drying.
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Fig. 6 Experimental
dimensionless surface area of
the whole banana as a
function of average moisture
content at different drying
conditions
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a function of drying time at
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(see Fig. 1)
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Table 2 Dimensionless geometrical data of the whole banana at the initial and final stages of
drying

T (oC) t (min) Df=Do
Lf=Lo

Sf=So
Vf=Vo

Mo (w.b.) So=Vo

40 2670 0.6361 0.8374 0.5269 0.3388 0.6725 0.1634
50 1770 0.5711 0.8135 0.4580 0.2634 0.7030 0.1817
60 1475 0.6002 0.8916 0.5279 0.3213 0.7039 0.1540
70 1450 0.5738 0.8313 0.4705 0.2737 0.7186 0.1741

t = 0 min.

t =100 min

t = 369 min

t =1329 min

t = 2769 min

t = 4209 min

Fig. 8 Banana fruit at
different moments of drying
(T = 70 �C)
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3.4.2 Drying Simulations

The constants and coefficients of the thin layer-models as applied to drying at 70�C
were computed through non-linear regression analysis. The various statistical
parameters corresponding to the models (coefficient of determination and vari-
ance) were determined using the Hooke-Jeeves numerical method with conver-
gence criterion 0.0001. All details of the results and statistical parameters are
presented in Tables 3, 4 and 5 and Figs. 9, 10 and 11.

Table 3 Parameters of the drying equation obtained by fitting to experimental data

T (oC) Parameters R2 (%) Loss function
(obs-pred)2

A1 K1 A2 K2 A3 K3

70 -0.030115 0.000232 0.15645 0.009797 0.879095 0.002182 99.941 0.0032339

Table 4 Parameters of the heating equation obtained by fitting to experimental data

T (oC) Parameters R2 (%) Loss function (obs-pred)2

A1 A2 A3 K1

70 -0.269941 0.364485 6.298940 1.066960 99.425 0.01707067

Table 5 Parameters of the shrinkage equation obtained by fitting to experimental data

T (oC) Parameter R2 (%) Loss function (obs-pred)2

K1

70 0.300195 96.906 0.81233047
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the banana during drying at
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The statistical parameters were used to determine the consistency of the models
for the current experimental conditions. The values for the coefficient of deter-
mination (R2) were greater around 0.999 for moisture content, 0.994 for temper-
ature and 0.969 for shrinkage, as a result, the proposed models may be assumed to
represent the drying behavior of whole banana.
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Fig. 10 Dimensionless
surface temperature at the
surface of the banana during
drying at 70 �C (see Fig. 1)
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4 Concluding Remarks

In this chapter transport phenomena (heat conduction, mass diffusion and
dimensions variations) in wet porous solid has been explored, with special refer-
ence to dehydration by drying. Interest in this class of physical problem is moti-
vated by its importance in many industrial applications (for example, food and
chemical processing). Here, our attention is focused on drying of banana fruit
drying.

The drying, heating and shrinkage kinetics of banana were analyzed with one
drying technique (convection in oven). For unsaturated air condition, the analysis
showed that air temperature has greatly affected moisture removal, temperature and
dimensions of the fruit. Lumped models (drying, heating and volume variation)
available in the literature were fitted for all the drying experimental conditions and
the coefficients of the models were established through the non-linear regression
analysis. The applicability of the models was examined through the statistical
parameters and was found that all the predicted data agreed well with experimental
data. Finally, we would like to cite that the proposed models with the new constants
can be satisfactorily used to understand the drying characteristics and to aid
engineers in optimized design of the banana processing units.
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Solid State Fermentation: Fundamentals
and Application

A. M. Santiago, L. S. Conrado, B. C. A. Mélo, C. A. B. Sousa,
P. L. Oliveira and F. C. S. Lima

Abstract This chapter deals with the solid state fermentation theme, divided into
two main parts: the first part presents information about the technology in solid
state fermentation (SSF), emphasizing their definitions, advantages and disad-
vantages, the factors that influence this process, and the second part is about an
experimental study using this technique in the production of pectinolytic enzymes.
This experimental study evaluated the potential of dehydrated guava bark used as
substrate in the production of the exo-polygalacturonase enzyme, obtained through
solid state fermentation, using the microorganism Aspergillus niger as the fer-
menting agent. In this study, it was verified the influence of the initial moisture of
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the medium and the concentration of an additional source of nitrogen, at a process
temperature of 30 �C, having as response the enzymatic activity. The experimental
work showed that the maximum production of the enzyme was detected with
initial moisture of the culture medium of 50 % (wb) and source concentration of
nitrogen of 1.0 %, reaching a peak of activity of 12.64 U/g at 30 h of fermentation.

Keywords Pectinase � Guava peel � Fermentation

1 Introduction

The solid state fermentation (SSF) is a biotechnological process in which the
growth of microorganisms will occur on and inside particles in solid matrix, and
the liquid content contained in this matrix should be kept in values of water
activity enough to ensure the growth and the cellular metabolism.

The literature reports a number of advantages arising from the application of
this process, such as: the medium is easily aerated, provided there is space between
the substrate particles (porosity), lower equipment cost, ease in extraction of the
product, requires less space and, lower energy demand, can take advantage of
agro-industrial waste (brans, peels and pomace) that are abundant low cost raw
materials, and may be used as a carbon source in biotechnological processes for
obtaining several products, including enzymes, alcohols, organic acids, amino
acids, proteins, biologically active secondary metabolites and aroma compounds,
provided that the chosen microorganism is suitable for the special purpose desired.

In Brazil, as agricultural activity is very intense and produces large amounts of
organic residues, many research projects have been conducted using these residues
for ethanol obtention, enzymes and protein enrichment since the 80s, adding value
to tropical agricultural products and byproducts by solid state fermentation.

Many microorganisms can grow on solid substrates, agro-industrial residues;
however, filamentous fungi are the most adaptable to the fermentation process in
the solid state due to environmental conditions be closer to their natural habitat.
These fungi are able to produce and excrete large amounts of substances, including
enzymes, when degrading the carbohydrates found in vegetable biomass [1].

The solid state fermentation has gained importance and attention of researchers
due to the low cost of the culture medium, high productivity and its recognition as
a clean technology.

2 Solid State Fermentation

The occurrence of the practice of solid state fermentation comes from ancient
times, when many people had already elaborated several forms of food using this
microbial process, such as the use of soy sauce in China in 3000 BC, and in Japan

118 A. M. Santiago et al.



and southwest Asia since 1,000 BC [2]. Although this process on solid medium has
been developed for the manufacture of some foods and fermented beverages,
currently its application has been extended to pharmaceutical and biochemical
industries with emphasis on products such as enzymes, organic acids, antibiotics,
surfactants, ethyl alcohol, biogas, microbial polysaccharides, biopesticides, and
processes as protein enrichment of unconventional foods and pre-digestion of
animal feed. However, the protein enrichment of animal feed was the main activity
which motivated the use of SSF in Western countries after 1940, because this
process allows the use of agro industrial residues, adding value to a low cost
material, and in some cases minimizing the pollution caused by these residues [3].

The solid state fermentation (SSF), also called semisolid fermentation, can be
defined as a technique for growth of microorganisms on and inside the moist
porous particles (support or solid matrix), in which the content of liquid within the
solid matrix should be kept in values of water activity that ensures the convenient
growth and cellular metabolism, but not to exceed the maximum capacity of water
retention in the matrix. The solid matrix can be, at the same time, support and
substrate (organic and lignocellulosic materials or just a supporter which should be
increased of nutrients) [4].

The commercial application of this process in Brazil is quite viable due to the
availability of low cost agro industrial residues, resulting in a more environment
friendly process, in addition to that, it generates products of interest to the food and
pharmaceutical industries, and agriculture in general. Generally, it can be divided
into two types: (a) socioeconomic applications such as waste composting, silage
and utilization of agro industrial residues; (b) economically profitable applications
such as the production of enzymes, organic acids and fermented foods [4].

A solid state fermentation (SSF) has the following features [5, 6]:

• The solid phase acts as a source of carbon, nitrogen and other components,
besides serving as support for the growth of microbial cells;

• The air, required for the microbial development, must go through the empty
spaces of the medium at relatively low pressures;

• Microbial growth occurs in conditions closer to the natural habitat;
• The medium shows high heterogeneity and the substrates are not completely

accessible to the microorganism;
• The process is conducted without excess of free water, resulting in minimum

water consumption, with low levels of residual water, also favoring the energy
saving in the recovery process (downstream);

• The great possibility of using agricultural residues as a source of carbon and
energy;

• The simplicity in the preparation of the fermentation medium since it usually
requires only the main ingredient and water for moistening;

• Higher yields and high concentration of the desired product.
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2.1 Advantages and Disadvantages of SSF

Among others, the main advantages of SSF are [7, 8]:

• The medium used is usually simple and consisted of unrefined agricultural
wastes or products that can contain all the necessary nutrients for the devel-
opment of the microorganism, which means that the use of a pre-treatment
process is only a baking of the medium with water to moisten or dilate the
substrate on the surface, which increases the accessibility of the microorganism
to the internal nutrients, or simply a grinding the substrate into smaller
particles;

• The disposal of the residues of this process is usually simple, because mostly
the entire product is utilized, especially when the product is used as a sup-
plement for animal feed;

• As the amount of water used in the process is small, the cost of the thermal
process (sterilization) is reduced;

• For this reason, and because the substrate is concentrated, the space occupied
by the fermentation equipment is small, considering the product yield;

• As most bacteria require high levels of liquid mixture, SSF excludes or reduces
substantially the problem of bacterial contamination;

• Provided that there is space between the substrate particles, the solubility and
diffusion of oxygen are greater;

• The remaining residue of this process has a low volume and is not able to
develop pathogens;

• Besides the addition of water to moisten the medium, in some cases, it requires
only the addition of nitrogen or mineral sources;

• It is possible to obtain high concentrations of spores at the end of the process,
which is not possible in a submerged fermentation;

• Also according to these authors, the main disadvantages of the SSF are:
• As the SSF occurs under low free water, microorganisms that can be used in

this process are limited. The most used ones are the fungi and some yeasts;
• In the case of operating the SSF on large scales, the heat generated by

microbial metabolism must be removed, which is harder in this type of process
than in submerged fermentation;

• When the size of the particles is too high, the oxygen transfer among the
particles can become an issue;

• Monitoring of pH, O2, CO2 and the product yield calculation are more
complex;

• Temperature control during fermentation is critical;
• Since in SSF the process takes place in a medium of high heterogeneity, control

of microbial growth and variables such as agitation, aeration and concentration
of nutrient and products is hampered.
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2.2 Factors That Influence the Solid State Fermentation

There are several factors that contribute to the success of solid state fermentation
process, as the amount of water available to the microorganism to develop and
produce the desired bioproduct, temperature and pH, oxygen level, as well as the
choice of raw materials to be used as substrate. This choice should be linked to the
conditions related to the cost and availability of this material.

2.2.1 Moisture and Water Activity

The moisture of the medium determines the concentration of water contained in
the material and is expressed in percentage terms. It is one of the factors that
influences the most the fermentation process, because in cases that is too high, it
will result in a decrease of the porosity of the substrate, limiting oxygen transfer
inside the medium and consequently decreasing the gas exchange, besides
increasing the risk of contamination. On the other hand, if it’s less than needed by
the microorganism, there will be greater difficulty in the nutrient diffusion,
resulting in a lower growth of the microorganism and may influence the yield of
the desired product [6].

The determination of its value in the process is closely related to the nature of
the substrate, the needs of the microorganism used and the type of the final product
desired [5, 6].

The moisture content in the solid state fermentation can vary between 18 and
85 %. This variation depends on the absorption power of the substrate, for
example, the optimum initial moisture for the growth of the Aspergillus niger for
the production of pectinase for the coffee pulp was 80 % [9], and for the passion
fruit residue was 50 % [10].

The requirement of water by microorganisms is not associated with the solid
substrate moisture, but to the water activity (aw) of the medium, that is not function
only of the water content, but also from substances which exert the bonding effect
between the water and the food’s structure. The relationship between the equi-
librium moisture of a solid and the water activity at a given temperature is
expressed graphically by means of sorption isotherms [11].

Water activity can be expressed as the ratio of the vapor pressure of the water
contained in the substrate (P) and the vapor pressure of pure water (Po), both at the
same temperature according to the Eq. 1 [12].

aw ¼
P

P0
ð1Þ

where: aw = water activity; P = vapor pressure of water contained in the substrate
at a temperature T; P0 = vapor pressure of pure water at the same temperature T of
the substrate.
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Every microorganism requires a minimum value, a maximum value and an
optimal value of water activity to its growth and its metabolic activities. For
filamentous fungi the minimum water activity is around 0.7 [13].

The enzymes require different minimum values of aw on the substrate to per-
form its catalytic function. The minimum or the limit required for enzymatic
activity varies from 0.25 to 0.70 for various oxidoreductases and 0.025–0.96 for
several hydrolases [14].

A study designed to evaluate the influence of the initial moisture content of the
medium (8.6–57.6 %) and water activity (0.641–0.990) in polygalacturonase by
solid state fermentation of sunflower cake with different lineages of Aspergillus
showed that the highest value of polygalacturonase activity found in wet basis was
38.36 U/g under the conditions of 51.8 % of the initial moisture and the water
activity of 0.986 [15].

In the preparation of the medium in the fermentation processes it’s necessary to
consider its water activity and its moisture to achieve optimal levels of develop-
ment of the microorganisms and consequently the maximum of the desired
product. Therefore, for this it’s necessary the knowledge of sorption isotherms,
which can be defined as the graphic expression of the functional relationship
between the content of the equilibrium moisture of a substance and water activity
(aw) of the same substance, measured at a constant temperature [16].

In the solid state fermentation the sorption isotherms can be constructed to
evaluate the amount of water to be added to the substrate and also define the
behavior of the residue with respect to addition of water.

Many mathematical models have been proposed for obtaining the adsorption/
desorption isotherms of food, since there isn’t a general equation, considering that
the water activity depends on the composition and interaction of the different
constituents of food with the water under conditions of thermodynamic equilib-
rium [17].

2.2.2 Temperature

Temperature has a great influence on the growth of microorganisms given that all
fermentative processes are dependent on chemical reactions, which are affected by
temperature. It is also considered a critical factor due to the accumulation of
metabolic heat generated during the fermentation, which directly affects the ger-
mination of microorganisms and the product formation. In the composting process,
this effect is desirable; however, to biotechnological processes such as the pro-
duction of enzymes, the heat produced must be immediately dissipated, to avoid
that the increase in temperature harms the desired fermentation [5, 6].

For each microorganism there is a minimum temperature below which there is
no growth, an optimum temperature in which the growth is maximum and a
maximum temperature above which there is no microbial development. For fila-
mentous fungi the temperature directly influences spore germination, growth and
formation of the products [6].
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Many researchers studied the effect of different temperatures between 20 and
45 �C in pectinase production using Aspergillus niger as agent of the fermentation,
and the temperature that favored the highest enzymatic activity was influenced by
the substrate used, by the lineage of the microorganism used, but also depended on
other operational factors such as type of reactor, the mass of the medium to be
fermented, inoculum concentration, among others.

Since the increase in temperature influences negatively the kinetic of growth of
the microorganisms, some studies suggest techniques for the removal of the heat
generated during the fermentation process in the solid state on a large scale.

2.2.3 pH

The pH value of the medium is a very important parameter of any biological
process in order to obtain a good cellular growth and high yields of products. An
adverse pH affects at least two aspects of a living microbial cell: the operation of
their enzymes and the transport of nutrients to inside the cell [18]. To minimize the
effect of a sharp variation of pH, substrates with good buffering capacity are
generally used or buffer solutions are added during the step of moistening of the
material [5].

Microorganisms have minimum, optimum and maximum pH values for their
development and growth. Generally the fungi prefer pH between 3.5 and 5.0 and
the bacteria pH close to neutrality (6.5–7.0). To the Aspergillus niger the minimum
value is 1.2 and the optimum is between 3.0 to 6.0 [19].

The study of thermal stability and stability against variations of the pH of
polygalacturonase produced by Thermoascus aurantiacus showed that between pH
3.0 and 3.5 the enzyme was maintained at 91 % of its original activity, and in high
pH values there was a decrease in stability [20]. With respect to temperature, for
values up to 50 �C, this enzyme retained 80 % of its original activity and only
maintained 6 % of this activity when exposed to a temperature of 70 �C. However,
other work has also studied the thermal stability and stability against variations of
the pH of polygalacturonase produced by solid state fermentation, using the
microorganism Aspergillus niger and as substrate the residue of the passion fruit
showed that this enzyme presented good stability up to 50 �C, presenting 75 % of
maximum activity at 30 �C. At temperatures above 70 �C it was completely
inactivated, during 20 min and with respect to pH the authors observed that this
enzyme showed good stability at pH values between 3.5 and 5.5 and above 6.5, did
not detect activity [21].

A study to evaluate the thermal stability of polygalacturonase enzyme produced
in cashew bagasse showed it remained at 90 % of its activity at 40 �C and the
optimum pH was between 2.5 and 3.5 [22]. For most industrial processes, the
polygalacturonase produced by fungi are used in the low pH range.
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2.2.4 Substrates Used in Solid State Fermentation

Knowledge of the physicochemical characteristics of solid substrates to be used as
a culture medium for cellular growth and product yield is of fundamental
importance for their choice, in addition to the conditions of cost and availability.

The substrates used should contain sources of carbon and energy, nitrogen
sources, minerals, and water. However, for the production of inducible enzymes, the
presence of an inducer substance is essential, for example, pectin for pectinase [23].

The choice of the substrate is as important in the cultivation in solid state as the
choice of the microorganism. Not always the medium that allows the best
development of microorganism favors a higher amount of enzymes. The appro-
priate balance between nitrogen sources is as important to the nutritional
requirement of the microorganism as the effects of environmental conditions that
affect the mycelial growth [24].

The use of agricultural residues or byproducts from food industries as substrate in
solid state fermentation is increasingly widespread, seeking to obtain products of
high commercial value and low cost of production, besides minimizing its accu-
mulation in the environment. These residues are the most researched substrates in
this process, due to its abundance, cost, besides being rich in nutrients that promote
the growth of microorganisms and formation of the desired product [16].

There are several agro-industrial waste used as substrate in solid state fer-
mentation, among these are: orange bagasse [25], lemon peel [26], pineapple
bagasse [27], wheat bran and rice husks [28], coffee pulp [9], peel and albedo of
passion fruit [29], bran wheat [30], passion fruit peel [31], grape pomace [32],
lemon peel [33]. The research groups that study the production of pectinase
enzymes generally take advantage of regional substrates.

In the case of citrus fruits, the peel is the main byproduct generated in its
industrial processing, constituted approximately about 50 % of weight of fresh
fruit [26]. The destiny of this byproduct represents a challenge for many factories,
however the microorganisms easily utilize this substrate in fermentations due to its
rich composition (80 % organic material, 19–30 % of free sugars, 20 % pectin and
57 % of dietary fiber) [34]. Pectin is a suitable substrate for the growth of fungi
and production of pectinolytic enzymes by microbial systems.

For a better utilization of substrates by microorganisms some kind of pre-
treatment is necessary, considering that they are not capable of delivering mac-
romolecular structures through the cell membrane. This pre-treatment can be:
asepsis of the material for reducing microbial load, crushing or grinding to reduce
the particle size; nutrient supplementation (nitrogen, phosphorus, etc.) to the solid
substrate by adapting it better to the nutritional conditions of the microorganism;
adjustment of pH and moisture content, and a steam treatment to pre-degradation
of macromolecular structure and elimination of the main contaminants [35].
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The addition of water or nutrient solution to the culture medium should be made
so to achieve ideal levels of water activity for the development of microorganism
under study.

2.2.5 Microorganism

The proper selection of the microorganism is one of the most important criteria to
consider in a semisolid culture. Among the microorganisms, the filamentous fungi,
the main producers of commercial enzymes, are the most important and best
adapted to this process. Its growth form in hyphae, and good tolerance to low water
activity and high osmotic pressure confers advantages over other microorganisms,
bacteria and yeasts, to the fungi; in addition to the conditions of the culture
medium are closer to their natural habitat [36].

The filamentous fungi are easy to handle and grow at low pH, the risks of
bacterial contamination in the environment in which they are located are very
small, they easily sporulate and have the ability to produce and excrete large
quantities and varieties of specific products, including pectinase enzymes. In
general, these fungi play an important role in food industries because they have
different types of enzymes capable of metabolize complex mixtures of organic
compounds present in most residues [37].

In solid state fermentation the fungal growth begins on the substrate surface
through its mycelial structure, which has hyphae that are able to penetrate the
pores of the substrate, benefiting in its interior the specific metabolic reactions and
consequently favoring the colonization and utilization of nutrients available in the
medium, thus generating its bioproducts.

The Aspergillus niger, a black filamentous fungus generally called ‘‘black
mold’’, features thin hyphae, septate and conidiophores with vesicles covered with
black conidium that can be visualized by electron micrograph. This fungus is quite
commonly used in fermentation processes due to its ease of handling, ability to
ferment a wide variety of low cost raw materials and produce high yields of
bioproducts [18]. Mutant forms of this species are also quite commonly used in
fermentation processes in order to synthesize higher amounts of enzymes.

The culture of Aspergillus niger has the ability to produce a variety of enzymes,
depending on the induction and/or the substrate used.

2.2.6 Inoculum

It is important to quantify the concentration of inoculum in the fermentation
process, because a low concentration can promote the growth of undesirable
contaminants and form little biomass, although an inoculum with a high con-
centration of spores will be able to exhaust the medium for biomass formation,
decreasing the amount of product desired.
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A study of the influence of inoculum concentration of the Aspergillus niger
(CCT 0916) using the dry bagasse from the cashew stalk as substrate in solid state
fermentation for the production of polygalacturonase obtained the biggest poly-
galacturonase activity of 33 U/g with spore concentration of 106 spores/g of wet
medium [38].

Another study in this direction, evaluated the influence of inoculum concen-
tration of Aspergillus niger (3T5BS) and moisture of the semisolid culture medium
on the production of polygalacturonase in aerated columns, varying the relation
substrate/solution in 0.06 and 0.08 L for each 100 g of medium and the inoculum
concentration of 105 and 107 conidia/g bran. The authors concluded that the
relation of 0.06 and the conidia concentration of 107 were the most favorable
conditions for the synthesis of polygalacturonase with maximum production of
33.08 U/mL at 64 h of fermentation [39].

2.2.7 Particle Size

The size and shape of the particles of the substrate influence the solid state fer-
mentation, since usually very small particles may result in its agglomeration
interfering with microbial respiration and consequently little cellular growth,
however the larger particles promote better aeration due to spaces between the
particles, but they limit the surface to microbial attack [40].

It is also worth noting that in very small particles, the surface area is larger
while the porosity is smaller, hindering the penetration of the filamentous fungus
in the pores and within of the substrate particles [41].

2.2.8 Agitation

Agitation facilitates maintaining the biomass more homogeneous as possible, as
the distribution of water of the medium, nutrients, inoculum, as well as the tem-
perature and aeration in the bioreactor during the semisolid culture. The care in
this step is with the fractionation of mycelium and may interfere in the formation
of spores and in the development of microorganism, if it occurs in uncontrolled
speed.

3 Production of the Enzyme Exo-polygalacturonase by SSF

There are countless applications of solid state fermentation, the most important
being the production of enzymes, organic acids, antibiotics, surfactants, ethyl
alcohol, biogas, microbial polysaccharides and biopesticides.

Enzyme production is a biotechnological area of great commercial interest,
given that sales of this product in the whole world revolve around billions of
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dollars annually and the solid state fermentation is considered a great system for
producing them in Brazil, considering the huge generation of agro-industrial
residues.

Among the enzymes produced by this technique, pectinase stand out because
they represent about 25 % of the world market for enzymes, being widely used in
fruit juice industries to reduce viscosity and consequently increasing the efficiency
of the extraction and clarification, the maceration of the grapes into wine, the
extraction of vegetable oils increasing its yield and reducing its processing time
and treatment of natural fibers in the textile and paper industry [42, 43].

Pectinases are a heterogeneous group of enzymes that hydrolyze the pectic
substances and are able to recognize the glycosidic bonds of the type alpha-1.4
between units of galacturonic acid or its derivative methoxylated. They are pro-
duced by plants and microorganisms and its substrate are the constituent poly-
saccharides of the middle lamella and primary wall of plant cells. However, the
fungi are the favorite in industrial scale, because approximately 90 % of the
enzymes produced by them can be secreted into the medium, besides producing
large quantities [44, 45].

These enzymes can be produced both by submerged fermentation (SF) and by
solid state fermentation (SSF), however, the SSF is generally considered the most
susceptible technique to higher yields of pectinases [46].

The research groups that study the production of pectinase enzymes generally
tend to take advantage of regional substrates. In this study, we used guava residue
since Brazil is the biggest producer of red guavas in the world. Most of this
production is destined to the industry for the production of juice, frozen pulp,
sweets, jam, ice cream and nectar, generating about 30 % of residues, which has
the potential to be used in bioprocesses. Thus, it will be explained a study about
the production of pectinolytic enzymes using the guava residues as raw material,
and with Aspergillum niger as the metabolizer microorganism. This work aimed to
study the production of pectinase by solid state fermentation with flour from guava
peel, evaluating the influence of moisture of the medium and the concentration of
the additional nitrogen source on the enzymatic activity, expressed in exo-
polygalacturonases.

The trials of this work were performed at the Laboratory of Biochemical
Engineering (LEB) from the Academic Unit of Chemical Engineering (UAEQ) of
the Federal University of Campina Grande/PB (UFCG).

3.1 Raw Material

The raw material used as substrate in solid state fermentation was the guava peel
(Psidium guajava) of the Paluma variety acquired in the EMPASA (Empresa
Paraibana de Abastecimento e Serviços Agrícolas) in the city of Campina Grande-
PB according to the maturation stage, popularly known as ‘‘de vez’’ in order to
obtain more homogeneous samples and substantial amounts of pectin.
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3.2 Preparation and Characterization of the Flour
from Guava Peel

The fruits were transported to the laboratory, and they were washed in chlorinated
water at 2.5 % and rinsed with running water. Then they were subjected to the
process of selection, sorting and peeling. The peels were placed in aluminum trays
in a greenhouse with forced air circulation at the temperature of 55 ± 1 �C to
constant mass. After drying they were ground in a cutting mill to obtain the
appropriate granulometry to the solid state fermentation process for the production
of the enzyme. Then they were homogenized and submitted to the quartering
technique for the removal of approximately 150 g to perform the physicochemical
characterization.

The determinations of pH, moisture, ash and soluble solids (SS) followed the
standards Brazil [47]. The amount of pectin was determined by gravimetric pre-
cipitation method using calcium pectate, described by Rangana [48]. The reducing
sugars (RS) and total reducing sugars (TRS) were determined using 0.5 g of the
sample by DNS methodology [49] in spectrophotometer with glucose solution as
standard. The crude protein content was determined by semi-micro Kjeldahl
method with adaptation to nitrogen (N), by UV-visible spectrophotometry at
410 nm, following the method described in Le Poidevin and Robinson [50]. The
water activity was determined using the equipment Novasine Thermoconstanter
(RTD-200 TH2) at temperature of 30 �C. The analyses were performed in tripli-
cate. The remaining of the flour from guava peel was stored in a hermetically
sealed glass container at room temperature for later use as raw material in the
fermentation process.

Figure 1 shows the whole fruits (a) the fresh peels (b) the dry peels (c) and the
milled peels (d) which were used in this work.

3.2.1 Moisture Adsorption Isotherms of the Flour from Guava Peel

For the construction of the isotherms it was weighed 20 g of the dry residue and it
was added distilled water in the proportion of 1:1. Then it was submitted to

Fig. 1 Stages of preparation of the flour from guava peel (dry residue): whole fruit (a), fresh
peels (b), dry peels (c) and the milled peels (d)
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homogenization for 30 min and allowed to stand in a sealed container in the
refrigerator for 24 h. Completed the period of rest of the dry residue, was collected
1 g of moist material, and transferred to aluminum capsules, which were to the
equipment Thermoconstanter Novasina (RTD-200 TH2) to perform the readings of
water activity at temperatures of 25, 30 and 35 �C. After the reading in the
equipment, the capsules containing the residue were placed in a greenhouse at
105 �C, they were cooled in a desiccator and again brought to Novasina for
reading the water activity. This experiment was conducted to achieve the mass
balance of the sample, and finally the same were brought to the greenhouse to
determine the dry mass. The moisture adsorption isotherms were constructed with
the data of equilibrium moisture and the water activity.

3.3 Stages of the Fermentation Process

The solid state fermentation was performed in 250 ml Erlenmeyer flasks in which
were put quantities of the moistened residue with distilled water reaching moisture
40, 50 and 60 % and the concentration of the nitrogen source (ammonium sulfate)
of 0.5, 1.0 and 1.5 %. Figure 2 illustrates the stages of the solid state fermentation
process.

3.3.1 Preparation of the Culture Medium

The culture medium used was flour from guava peels moistened with distilled
water according to aw (water activity) required for the metabolism of the micro-
organism. The amount of water to be added to the medium was calculated
according to Eq. 1. The nitrogen source used was ammonium sulfate, which was
diluted in the amount of distilled water to be added to the medium and after the
homogenization and the moistening of the medium, was distributed 10 g in each
Erlenmeyer flask of 250 ml capacity, which were stoppered with cotton plug

Fig. 2 Stages of enzyme production by solid state fermentation
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wrapped with gauze, and brought into the autoclave. After sterilization, the culture
medium was cooled to room temperature.

mH2O ¼ mRES
ðU2 � U1Þ
ð1� U2Þ

ð2Þ

where:
mH2O mass of water required to hydrate the medium;
mRES mass of the dry residue used in the fermentation;
U1 moisture present in the dry residue;
U2 moisture required by the fermentation process.

3.3.2 Microorganism

The microorganism used was Aspergillus niger mutant modified CCT 0916,
donated by Empresa Brazileira de Pesquisa Agropecuária (EMBRAPA, Fortaleza-
Brazil) and maintained in the Laboratory of Biochemical Engineering (LEB/
UAEQ/UFCG) in test tubes with screw caps containing sterile soil, maintained at
-18 �C.

3.3.3 Inoculation and Incubation

Initially, the microorganism was cultured on corn for obtaining a large amount of
spores. Then the spores were dispersed with the assistance of 40 ml of thickening
solution of Tween 80 at 0.3 % v/v. The concentration of spores in the suspension
obtained was quantified by counting under a microscope using a mirrored Neu-
bauer Chamber after the appropriate dilution of the suspension obtained. The
volume of the spore suspension added to the fermentation medium was adjusted so
as to obtain a concentration of 107 spores per gram of solid substrate. After the
inoculation of spores in the sterilized medium, the bioreactors (Erlenmeyer flasks)
were incubated in a greenhouse at (30 ± 1) �C for 72 h while maintaining the
moisture of the incubation environment to a kinetic monitoring. Seven samples
were prepared for each assay in order to remove them periodically to determine the
following analyzes: moisture, pH, reducing sugars and the exo-polygalacturonase
activity (PG act).

3.3.4 Extraction of the Enzyme and Determination of Enzyme Activity

The extraction of the enzyme complex was performed by adding to the Erlenmeyer
flasks containing the fermented medium the quantity of 5.0 ml of acetate buffer

130 A. M. Santiago et al.



200 mM pH 4.5 for each gram of the fermented medium (Extraction ratio
(ER) = 5 ml/g) which were left to stand for 1 h in the thermostatic bath at 30 �C.
The crude enzyme extract obtained was filtered through filter paper (Whatman 1)
and then was determined the activity of the polygalacturonase enzyme (PG act)
according to Couri and Farias [51], following the adaptation of EMBRAPA,
Fortaleza-Brazil. One unit of polygalacturonase activity was defined as the amount
of enzyme that liberates 1 lmol of galacturonic acid per minute on the reaction
conditions.

3.4 Results and Discussion

3.4.1 Physicochemical Characterization of the Flour from Guava Peel
(Dry Residue)

In a fermentation process the starting point is the characterization of the material
that will be used as culture medium to obtain the desired product.

The data in Table 1 correspond to physicochemical characterization of the dry
residue on a wet basis.

The dry residue studied showed a high content of pectin (9.92 %), which
according to the literature this chemical substance acts as an efficient inducing
source in the production of pectinolytic enzymes as well as also being able to act
as a carbon source for microorganisms, depending on amount of sugars present in
the culture medium. The pectin content is influenced by several factors, among
them the maturity stage of the fruits.

Fontana et al. [52] studied the effect of the amount of pectin in a medium based
with wheat bran and observed that up to 16 % there were no repression of the
synthesis of pectinases produced by Aspergillus niger with this amount of this
substance.

Table 1 Physicochemical
characterization of the flour
from guava peel (dry residue)

Parameters Analyzed Dry residue

Moisture (wb) (%) 12.36 ± 0.51
Ash (%) 3.89 ± 0.02
Protein (%) 2.09 ± 0.20
Pectin (%) 9.92 ± 0.13
Total reducing sugars (%) 26.51 ± 1.06
Reducing sugars (%) 23.35 ± 0.19
Total soluble solids (Brix) 30.00 ± 0.00
pH 4.24 ± 0.01
Apparent specific mass (qa) (g/mL) 0.55 ± 0.04
Real specific mass (qr) (g/mL) 1.20 ± 0.05
Porosity of the bed of particles 0.54
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For the reducing sugar the values found were 23.35 %, while Munhoz et al. [53]
found 9.57 %. However, the values of total reducing sugars were 26.51 % close to
that found by Munhoz et al. [53] which was 30.64 %. The amounts of reducing
sugars (RS) and of total reducing sugars (TRS) found differ from those of the cited
authors due to several factors, including the maturation state of the fruit, because
in this study was used only fruit ‘‘de vez’’ due to the pectin content being larger, as
well as also the washing carried out with this residue during the stage of
preparation.

The pH found is close to the value cited in the literature. This parameter has
great influence on solid state fermentation, given that the growth of microorgan-
isms depend on the initial pH value of the medium, which for the Aspergillus niger
the minimum is 1.2 and the optimum is between 3.0 and 6.0.

Malvessi and Silveira [54] used a medium containing wheat bran, mineral salts
and pectin in the production of the polygalacturonase enzyme varying the pH from
2 to 7 and obtaining a maximum activity with initial pH of the medium of 4.0.

The apparent specific mass 0.55 g/ml reveals that has no tendency to compact
itself, creating empty spaces between the particles of the same and consequently
favoring the respiration and metabolism of the microorganisms.

Adsorption Isotherms of the Flour from Guava Peel (Dry Residue)

The moisture adsorption isotherms of the dry residue from guava were built at
temperatures of 25, 30 and 35 �C. Through these it was possible to verify the
content of free water contained in the dry residue as well as determining the range
of moisture that should be fermented to correspond to the favorable water activity
to the development of the fungus Aspergillus niger CCT 0916.

Modeling of the Moisture Adsorption Isotherms

Figure 3 shows the adsorption isotherms moisture at temperatures of 25, 30 and
35 �C of the dry residue from guava with the respective values of equilibrium
moisture (Ueq) in function of water activity (aw).

It is observed that the equilibrium moisture (Ueq) increases with the increase of
water activity (aw). According to LEITÃO [13], the microorganism Aspergillus
niger develops in culture mediums with minimal water activity of 0.70. This way,
the guava residue should have its equilibrium moisture adjusted to at least 0.38.

There is in the literature a variety of mathematical equations that describe the
sorption isotherms among them the Guggenheim-Anderson de Boer (GAB) that
are fairly applied in food, so through the Software Statistica 5.0, were performed
adjustments of adsorption isotherms using the GAB model.
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3.4.2 Solid State Fermentation Process

In Figs. 4, 5, 6 and 7, we observe the kinetic monitoring of exo-polygalacturonase
production and consumption of reducing sugars (RS) as well as monitoring of pH
and moisture on a wet basis (wb) during the period of 72 h in solid state fer-
mentation for each studied condition. The concentrations of nitrogen used in the
medium varied from 0.5 to 1.5 % and the initial moisture of 40 and 60 % (wb)
corresponding to water activity (aw) of 0.77 and 0.83, respectively.

Comparing the trials it is noticed that the ones with lower initial moisture of the
medium are the ones with lower polygalacturonase activity (PG act), probably the
low moisture caused modifications in the cellular membrane of the fungus con-
ducing the transport limitations and affecting the microbial metabolism. As the
initial moisture of the fermentation medium is a factor synthesis inhibition of PG,
the important is to work with the moisture content that maintain the balance
between the availability of water, expansion of the substrate and effects of oxygen
diffusion.

The consumption of reducing sugars was faster in trial 4 coinciding with the
maximum value of activity. This fact shows that the product formed is usually
directly connected to the decomposition reactions of the substrate (sugars).

To check the data reproducibility were performed trials in triplicate under the
following conditions: initial moisture of the medium of 50 % (wb), corresponding
to the water activity (aw) of 0.80 and concentration of the nitrogen source at 1.0 %,
according to Fig. 8.

Fig. 3 Adjust of the adsorption isotherms of guava flour (black circle 25 �C, black triangle
30 �C and asterisk 35 �C)
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Fig. 4 Solid state
fermentation of the flour from
guava peel with moisture of
the medium 40 % and
nitrogen concentration of
0.5 %

Fig. 5 Solid state
fermentation of the flour from
guava peel with moisture of
the medium 60 % and
nitrogen concentration of
0.5 %

Fig. 6 Solid state
fermentation of the flour from
guava peel with moisture of
the medium 40 % and
nitrogen concentration of
1.5 %
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In three trials the consumption of reducing sugars (RS) by microorganisms were
similar, starting with the content of approximately 16 %, reaching the lowest value
of 2 % at 66 h of fermentation. The maximum polygalacturonase activity was
12.64 U/g at 30 h of culture.

Fig. 7 Solid state fermentation with moisture of the medium 60 % and nitrogen concentration of
1.5 %

Fig. 8 Solid state fermentation of the flour from guava peel with moisture of the medium 50 %
and nitrogen concentration of 1.0 % (analysis of the reproducibility of the experimental data)
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4 Conclusions

The theoretical study of solid state fermentation showed that this is a viable and
promising technique in the development of bioproducts and bioprocesses, among
them the production of enzymes, provided that the conditions of the culture
medium and microorganism used are appropriate to raw materials to be fermented.

The experimental study it was noticed that the flour guava bark is consisted of
easily metabolizable chemical substances by microorganisms such as reducing
sugars, besides containing a high amount of pectin, which is an inducing source in
the production of pectinolytic enzymes and the maximum activity of the exo-
polygalacturonase enzyme was given with initial moisture of the culture medium
of 50 % (wb) and the concentration of nitrogen source of 1.00 %, reaching a peak
of activity of 12.64 U/g of the medium fermented at 30 h of fermentation.
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Drying of Fruits Pieces in Fixed
and Spouted Bed

Odelsia Leonor Sanchez de Alsina, Marcello Maia de Almeida,
José Maria da Silva and Luciano Fernandes Monteiro

Abstract Fruit culture is one of the most diversified and important agro industrial
activities in Brazil. As long as the fruit production increases and exportation
grows, it is necessary to reduce losses along the production chain. Spouted and
fluidized bed driers, due the high rates of mass and heat transfer, could be an
alternative in order to improve the product quality. This work is concerned with
drying of fruits in cone-cylindrical spouted bed, using guava pieces as a case study.
Fluid dynamic studies in spouted bed and fluidized bed indicate the feasibility of
using this technique for drying pieces of fruits. The diffusional model proved to be
satisfactory to describe the kinetics of drying in spouted and fluidized bed. The
performance of the spouted bed dryer was analyzed based on final moisture
content, the loss of vitamin C and rehydration capability. It was found that, in a
general way, the combined fixed bed/spouted bed process presented good
performance.
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1 Introduction

The world production of fruits has shown continued growth. According FAO data,
in the period 89/91 it was 420.0 million tons, exceeded the 500.0 million tons in
1996 and in 2009, 724.5 million tons. The production of 728.4 million tons in
2010 is higher by 0.5 % compared to the previous year.

According the Brazilian Fruit Institute (IBRAF), the Brazilian production of
fruit in 2013 was estimated in 43 million tons, with a slight increase of 1.65 %
compared to the volume produced in 2012. Brazil is in third place in the ranking of
the world’s largest producers of fruits, most of them exported, behind China and
India. Although much of the fruit production is exported and the domestic market
is growing rapidly, a large part of the harvest is lost, especially in the case of fruits
with perishable nature and fragile structure. It is estimated that in Brazil up to
40 % of fruit production is wasted.

Because they are highly perishable, high post-harvest losses of fruits causes a
significant reduction in economic gains along the production chain and penalize,
especially the low-income producers [1].

Among other methods of preservation, drying appears to be an attractive alter-
native, given the good prospects of the dried fruit world market. With the increasing
demand for natural products, global consumption of dried fruit has grown in recent
years. According to the Food and Agriculture Organization (FAO), 2003–2004, the
volume of dried fruits exported in the world, increase 27 % from 297.2 to
376.5 tons. Brazilian exports did not exceed 30 tons [2]. Despite being a strategy
for agribusiness, add value to the final quality of the dried product will depend on
the quality of raw material used and especially on the type of process and opera-
tional conditions in the drying step. In preserving fruits for extending its shelf life,
minimizing loss, and preventing growth of mold and microbes, it is important that
the denaturation or damage of the active ingredients by the preservation methods is
minimized as well [3]. As such, proper selection of dryer for the preservation of
fruits is very important and vital to the process economics [4].

The good performance and product quality encourage drying of fruits and
vegetables in fluidized or spouted bed. Spite the advantages of fluidized and
spouted bed drying of large, deformable particles, which shrink with the water
loss, is not an easy operation. The rapid variation of the physical properties,
density, size, and shape as a function of the moisture content reduction can lead to
instabilities, including changes in regime and spout termination [5, 6].

Despite this, stable spouting is possible in a range of operating regimes. In order
to maintain this condition, a robust control of the air input velocity should be
required. The knowledge of these properties and regime changes as a function of
the moisture content along the time is a necessary tool to implement this kind of
control, or at least to prevent the spouting instabilities [6].

Literature about drying of fruits and vegetables in fluidized or spouted bed is
scarce. Combined methods, use of inerts or mechanical agitation is generally
adopted to facilitate the operation. In a survey covering the last 15 years, it was

142 O. L. S. de Alsina et al.



found several articles about drying of fruits and vegetables in fluidized and spouted
beds: Drying of sliced food products by centrifugal fluidized bed [7]; combined
microwave and spouted bed to dry frozen blueberries [8]. Green beans, potatoes
and peas in fluidized bed [9] drying of carrots in an inert medium fluidized bed
[10] or in a mechanical agitated fluidized bed [11]. In addition, to dry carrots a
spout-fluidized bed [12]. More recently [13] a solar assisted spouted bed was used
to dry peas. A number of articles can be found about the drying of fruit pulps in
spouted bed with inerts [14, 15].

This chapter shows the feasibility of drying fruit pieces in spouted bed, since
combined with pre-drying in fixed bed. The results presented by a case study of the
drying of guava show that it is possible to get a high quality product provided that
the operating conditions in the spouted bed were controlled in order to maintain
the spouting stability. Most of the results presented here are part of the Ph.D.
theses of Almeida [16] and Silva [17].

2 Guava

The guava, native of Tropical and Subtropical America, belongs to the genus Psidium
L, the Myrataceae family, which comprises more than 100 species of trees and
shrubs, many of which produce edible fruit. The species Psidium guajava L., whose
varieties are red and white guava, has a greater commercial interest (Figs. 1 and 2).

In Brazil, the harvest period occurs from January to April, with the exception of
the Para State, where the harvest is from May to August and in the Paraná State,
from September to March. The fruit is ovoid, very aromatic, yellowish-green when
ripe and has abundant white or red flesh.

The guava trees bear fruit in abundance, but an important part is lost due to the
perishable nature of fruits and the short harvest period. Brazil is one of the largest
producers of guava in the world, together with Mexico, Pakistan, Colombia, Egypt,
South Africa and India, with a production relatively stable, ranging from
316,301 tons in 2007 to 328,255 tons in 2008, an area of 15,012 ha, mainly con-
centrated in the Southeast and Northeast [18]. As mentioned, in Brazil up to 40 % of
fruit production is wasted. There are several processes of preservation and indus-
trialization to make better use of the crop, but, until now, unlike other fruits, little is
known about the production of dried guava in industrial scale. The dried guava could
be consumed as such, rehydrated, or used in the food industry as raw material for
products such as jams, jellies and juices or to develop new value added products.

2.1 Physicochemical Characteristics of Guava

Guava is a good source of ascorbic acid [19]; its content varies between 100 and
169 mg/100 g depending on the variety of the fruit. It has a high content of
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riboflavin, vitamin A activity equivalent to 1,650 units/100 g and iron from 0.2 to
0.9 mg/100 g and its energy values 62–65 Cal/100 g [20] (Table 1).

2.2 Sample Preparation

The raw material used in the experiments was red guava (Psidium guajava L.),
variety Paluma marketed in Campina Grande—PB, Brazil. The fruits were visually
selected for its consistency, maturity, color and without physical damage. Guavas
were peeled, the seeds removed and the flesh cut into cubic pieces, by means of an
industrial cutter as shown in Fig. 3. The mean equivalent diameter and density of
the guava pieces in the form of rounded cubes were 0.011 m and 900–970 kg/m3,
respectively. After pre—drying in fixed bed the average values of equivalent
diameter and density were respectively, 6.5 9 10-3 m and 870–940 kg/m3. The
fresh moisture content of the guava flesh ranged from 4.86 to 5.79 on a dry basis and
between 0.6 and 1.5 after pre-drying. The pieces had an Archimedes number of the
order of 3.0 9 107 and in the range of 0.6 9 107–1.0 9 107 after pre-drying.

2.3 Changes in Size and Shape Along Drying

Deformable particles such as fruits and vegetables shrink and changes in size with
the water loss. The variation of the physical properties, density, size, and shape as
a function of the moisture content is a disadvantage for the processing of this

Fig. 1 Red guava whole and without seeds

Fig. 2 Dried flesh of white
guava
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category of materials, because the continuous changes in transport properties [10].
Several authors studied the effect of shrinkage on the drying process for carrots,
apples, potatoes, garlic, tomato, West Indian Cherry, among others [10, 21–23]. It
is usually reported that shrinkage of material during drying is a linear function of
linear dimension and moisture content [24, 25]. Other authors considered the
quadratic relation, equivalent to an area shrinkage, with the variation of (r/ro)2 as a
linear function of the moisture content [23, 26]. In spite of the strong relation
between moisture content and physical properties, the volume reduction does not
always present a direct correlation with the amount of water evaporated. Then, the
shrinkage is not only a function of moisture content, but also depend on the
operating conditions and sample geometry [22]. The shrinkage behavior is
different for various systems, dependent on the material type, the cell and
tissue structure, and operating conditions [10]. This behavior was studied for
guava pieces at several drying conditions along fixed, fluidized and spouted bed
[6, 16, 27]. An overview of the obtained results is presented below.

2.3.1 Density

Within the perspective of spouted bed drying, the particle density is an important
parameter together the size to analyze the spout stability and fluid dynamics,

Table 1 Proximate chemical composition and physical characterization of guava Paluma variety
(from [20])

Chemical composition (%) Physical characterization

Moisture (wb) 87.3 ± 0.48 Weight (g) 152.0 ± 7.8
Ashes 0.54 ± 0.03 Diameter (cm) 6.7 ± 0.2
Proteins 1.42 ± 0.06 Length (cm) 7.8 ± 0.4
Lipids 0.31 ± 0.05 Flesh thickness (cm) 1.0 ± 0.1
Total sugars 2.80 ± 0.31 Soluble solids (8Brix) 7.2 ± 0.3
Fibers 6.91 ± 0.00 pH 3.8 ± 0.0
Acidity 0.76 ± 0.01 Water activity 0.99 ± 0.002

Fig. 3 Preparation of guava pieces (From [17])
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because both properties affect the Archimedes number. The effect of moisture on
the density of the product was obtained by drying the guava and measuring the
properties by picnometry at different levels of moisture. Figure 4 shows the results
for pieces dried in an oven with air circulation at 60 �C.

In order to verify the influence of the process, it was also determined the
variation of the properties with the changes in moisture during the drying in a tray
dryer with air circulation at 50, 60 and 70 �C and during the spouted bed drying at
60 �C. From these results, showed in Fig. 5 it can be seen that the density suffers
significant variation in high moisture levels with different operating conditions of
temperature. In this region, the amount of water removed is equivalent to the
variation of reducing the size of cubic pieces.

It can be seen from Figs. 4 and 5, that the density reaches a maximum at around
2.5 moisture conditions on a dry basis. It is observed from both Figures that the
experimental data of density obtained during the drying experiments of cubic

Fig. 4 Bed Bulk density (a),
particle density (b) and bed
porosity (c) of cubic pieces of
guava dried in an oven at
60 �C (From [17])
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pieces of guava in spouted bed show a similar trend that was found for fixed bed at
different temperatures.

2.3.2 Volumetric Shrinking

The volume of the equivalent sphere was calculated by liquid picnometry. The
volumetric shrinkage, represented in normalized form V/Vo versus X/Xo showed a
linear response throughout the drying in stove as shown in Fig. 6. Therefore we
used a linear model proposed by [28], with constant coefficient of shrinkage. The
model, Eq. (1), fits fairly well the experimental values obtained, as shown in the

Fig. 5 Particle density as
function of moisture content
of guava pieces dried in
(square) Tray dryer at 50 �C,
60 �C and 70 �C; (dot)
spouted bed dryer at 60 �C
(From [16])

Fig. 6 Shrinkage of guava
pieces dried in stove at 40 �C,
60 �C and 70 �C. Xo = 0.6
and 1.5
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Fig. 6 and the coefficient of determination R2 was 0.9966. The volumetric
shrinkage coefficient, b, equal to 0.6224, was not influenced by temperature in the
studied range.

V

Vo
¼ 0:38621þ 0:6224

X

Xo
ð1Þ

3 Fluid Dynamics of the Spouted Bed Drying of Guava
Pieces

Fluid dynamic conditions are important in the study of drying kinetics, in par-
ticular because the bed fluid dynamic behavior depends on properties that are
moisture content dependents. Despite a large number of articles about behavior in
dynamically active beds, studies involving deformable particles are scarce [5, 6, 9,
29, 30].

To avoid the fluid dynamic instabilities and product degradation a mechanically
agitated fluidized bed dryer was used for drying carrots [11]. Another option for
sliced food products was by fluidization and drying in a centrifugal fluidized bed
dryer [7].

In the case study of the present work, it was observed that the rounded cubes of
guava belong to the class of spoutable particles according Geldart as we can see in
Fig. 7, where the domain of the particles is in the D region.

3.1 Experimental Device

The tests of fluid dynamics and drying of guava pieces in spouted bed were
performed in the experimental device shown in the Fig. 8. The Figure shows a
picture of the system, which consists of a column in acrylic, air blower, electrical
heat exchanger, valves to control the airflow rate and a data acquisition system.
The column has orifices for the pressure, temperature and air humidity probes. An
anemometer at the top of the column measured the air velocity. The tests were
performed with two cone-cylindrical columns with the following dimensions:

Column A: cylindrical part with height of 1.0 and 0.108 m diameter. The
conical section at the bottom of the column has a height of 0.09 m. The air inlet
orifice has a diameter of 0.028 m.

Column B: Cylindrical part with height of 1.0 and 0.25 m diameter. The conical
section at the bottom of the column with 0.25 m in height and air inlet hole
of 0.05 m.
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3.2 Flow Regimes

Due the continuous change in the physical properties of particles, the characteristic
curves are unusual and do not follow the expected trend for spouted or fluidized
bed. The pieces of guava changed the moisture content, size and density during
each experimental run. Figure 9 illustrate the evolution of the properties, nor-
malized with their respective initial value for one experiment. Similar behavior
was observed in other experiments.

Fig. 7 Domain of the guava particles in Geldart’s map

Fig. 8 Picture of the
experimental device
(From [17])
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The Littman parameter A is defined by Eq. (2) and the Archimedes number by
Eq. (3). Both parameters are important in analyzing the spout regime and stability.

A ¼
qgvtvmf

ðqs � qgÞgDi
ð2Þ

Ar ¼
d3

pgqgðqs � qgÞ
l2

ð3Þ

where:
Vt Terminal velocity of the particle (m)
Vmf Minimum fluidization velocity (m/s)
qg Air density (kg/m3)
qs Particle density (kg/m3)
Di Input orifice diameter (m)
Dp Particle diameter (m)
l Air viscosity (Pa s)

Different ranges of parameter A, Littman parameter [31], can identify the
mechanism of the spout termination in the cone-cylindrical geometry [32]. This
parameter represents the ratio between the minimum energy required to form the
spout and that required to keep it along the bed under conditions of minimum
spouting, at the maximal spoutable height. This was important for the experiments
in column A where the ratio dp/Dc was 0.06, greater than in column B, where the
dp/Dc was 0.026. The spouting in column A corresponds to that of large particles
and in this kind of spouted beds there are structural changes leading to instability,
regime change or collapse of the fountain. For this column, the initial conditions
for the Littman and Archimedes numbers in the different experiments were very

Fig. 9 Evolution of the normalized properties during an experimental run. Spouted bed in
column A (From [16])
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close, between 0.11 and 0.15 and 1.01 9 107–1.77 9 107, respectively. The spout
collapse as termination mechanism occurs for fine particles (dp \ 1 mm) or, in the
case of large particles, for values of A \ 0.014 [32]. However, there is experi-
mental evidence that this is the termination mechanism in the case of guava pieces
in column A where dp = 10 mm; 4, Littman parameter = 0.11–0.15). The
observed termination slugging-spout suggests that the primary mechanism for
termination corresponds to the beginning of bubble formation at the inlet orifice
rather than fluidization at the top of the annulus. This was confirmed by visual
observation and the fact that vms \ Vmf.

Figure 10 illustrates the different regimes observed in an experimental run
along the drying of guava pieces.

At the start, the material with high moisture content remains packed in a fixed
bed Fig. 10a. Three spout regimes were observed: a stable spouting regime at high
moisture content (b), a fast-fluidized bed regime slugging at intermediate moisture
values (c), and a spouted bed (d). Under the conditions of Fig. 10d, it can be
observed an elevated height of the fountain. During the spouting regime, the
fountain height increases as the particles dry up. In addition, a pneumatic transport
regime was observed in some experiments at very low moisture content.

The regime transitions found operating the column A with guava pieces were
mapped as a function of the moisture content. Figure 11 shows the four regions
corresponding to different moisture levels. For moisture content greater than 0.8
the drier works as a fixed bed unless the air velocity is greater than 2.5–3 times the
minimum spouting velocity. As the material dries the bed will working succes-
sively as fluidization, spouting and slugging.

In the column B, with a diameter of 0.25 m and particles of the same diameter
than in the experiments performed in column A, the spout regime was stable for
guava pieces with moisture content lower than 1.5. Above this value, the wet
particles remain packed in fixed bed or slightly expanded until dried enough; then
the fountain emerged and a stable spout was established.

4 Drying Kinetics

From the results obtained in the fluid dynamic studies it was decided to hold the
drying in combined fixed bed-spouted bed, so that the initial moisture content of
guava pieces to finished the drying in spouted bed was less or equal to 1.5(d.b).

Figure 12 shows the drying curves in combined fixed bed, first 60 min, and
spouted bed in the finish drying step. Despite the high initial moisture content of
the fresh fruit, in both fixed bed and spouted bed, drying was in the period of
decreasing rate.

A simple Fickian model with constant effective diffusion coefficient can
describe the drying kinetics of agricultural products and tropical fruits. However, it
is common to find kinetic behavior that deviates from this simple model, which is
not adequate to describe the operation completely. Some authors attribute the
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Fig. 10 Flow regimes in the spouted bed column A a fixed bed; b expanded bed with guava
circulation at the top of the annulus; c fluidization with slugging; d spouted bed (From [16])
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Fig. 11 Map of flow regimes
in the spouted bed, column A
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deviation from Fickian model to the incidence of other non-diffusional
mechanisms. One reason for the failure of the model, especially in case of fruits, is
the effect of shrinkage, which is not considered in most of the applications [23]. In
this work, the shrinkage was included by a hypothesis of pseudo-constant volume.
In this simplified approach, the shrinkage is considered by including a moisture
dependent dimension in the constant volume Fick’s solution. The rounded guava
pieces were approximate by a same volume sphere with equivalent diameter
moisture dependent. The Fick’s solution for the constant volume sphere is [33],
with initial and boundary conditions:

Xðr; 0Þ ¼ Xo ð4aÞ

XðRp; tÞ ¼ X1 ð4bÞ

oX

ot
ð0; tÞ ¼ 0 ð4cÞ

X� ¼ 6
p2

X1
n¼1

1
n2

exp � n2p2Def t

R2
p

 !
ð5Þ

X� ¼ X � X1
Xo � X1

ð6Þ

where X is the mean moisture content at time t, Xo is the initial moisture content
(db), X? is the equilibrium moisture content (db), Def is the effective diffusion
coefficient of water in the solid (m2/s), Rp is the particle radius at time t (m), t is the
time (s) and Rp is the instantaneous radius calculated as a function of moisture
according to the volumetric shrinking, Eq. (1).

The Fickian model, Eq. (5), was adjusted to the experimental drying curves
with t/Rp

2(X) as independent variable. The theoretical value 6/p2 = 0.6079 was

Fig. 12 Combined fixed-
spouted bed drying curves
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replaced by and adjustable parameter C. Four terms of the series were considered
and the Def and C parameters determined by nonlinear regression using Levenberg
Marquardt method.

Table 2 shows the fitting results of the parameter C and the effective diffusion
coefficient. It is found that the values for Def vary between 4.0 9 10-4 and
1.7 9 10-3 cm2 min-1.

In most experiments, the diffusion sphere model considering the volumetric
shrinkage showed a good fit to the experimental data, with significant correlation
coefficients of around 99 %, which allowed an estimate of the effective diffusivity
from the model.

From Table 2 it appears that there is no influence of the air velocity on the
Def. This suggests that the consideration of negligible external resistance and
internal diffusion control is a realistic assumption. Notice that the parameter C of
the fitted curve is close to the theoretical value of 0.6079 except in three experi-
ments. Comparing the results 1 and 1*, where the former corresponds to four terms
in the series whereas in the 1* the same data were modeled with 7 terms, it is
observed that there is a natural tendency to the parameter C approach to its
theoretical value as more terms in the series were included.

Figure 13 shows the drying kinetics, experimental curves and model. From the
Fig. 13 and Table 2 it can be seen that, in general, the model presented a good
fitting to the experimental data, with determination coefficients above 0.94 and
thus, reliable estimates of the diffusion coefficient for the drying of guava pieces in
spouted bed.

5 Product Quality

Table 3 presents the results of the analysis of the degradation of vitamin C in
guava, dry basis, during the pre-drying of guava pieces in fixed bed followed by
drying in spouted bed in column A. It is found that for approximately equal values

Table 2 Kinetics parameters obtained from the Fickian model (From [34])

Run Ho (m) Xo vo/vms C Def (cm2/min) R2 Standard deviation

1 0.09 0.6 2.0 0.7015 0.00063 0.99 0.00002
2 0.12 0.6 1.07 0.6875 0.00049 0.97 0.00009
3 0.09 1.5 1.10 0.6667 0.00094 0.96 0.00015
4 0.12 1.5 1.00 0.7009 0.00168 0.99 0.00026
5 0.09 0.6 2.50 0.7034 0.0006 0.99 0.00002
6 0.12 0.6 1.30 0.7020 0.00053 0.99 0.00005
7 0.09 1.5 1.40 0.6765 0.00101 0.96 0.00019
8 0.12 1.5 1.25 0.6884 0.00081 0.98 0.0001
9 0.105 1.05 1.88 0.6420 0.00041 0.94 0.00009
1a 0.09 0.6 2.0 0.6613 0.00059 0.99 0.00002
a Adjusted with 7 terms in Eq. (5)
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of air velocity to minimum spouting velocity, V/Vms ratio, the losses of vitamin C
are more pronounced in the experiments with the lowest load of guava and higher
initial moisture. Comparing the experiments 2 and 5, it can be seen that the effect
of V/Vms is significant for the same conditions of Ho and Xo. The Vitamin C losses
are more pronounced at the lowest conditions for the initial values of the inde-
pendent variables. Moreover, this behavior is contrary to the conditions of most of
the control variables of the process. It is observed that the independent variables,
initial bed height and initial moisture content of the product, have a negative effect
on vitamin C, the higher the load and the higher the initial moisture, smaller
vitamin losses.

Fig. 13 Drying kinetics in spouted bed. Column A: a experiments 1–5; b experiments 6–10;—
Fick’s Diffusional model including shrinkage (From [34])

Table 3 Loss of vitamin C in the drying process combined fixed bed/spouted bed, Column A
(From [16])

Experimental conditions a b c FB loss (%) SB loss (%)

11.150 8.254 5.532 25.97 32.97
Ho = 0.12 m; Xo = 0.6; V/Vjm = 1.07 6.208 4.886 4.825 21.29 1.25

_ 5.301 4.758 _ 10.24
Ho = 0.12 m; Xo = 1.5; V/Vjm = 1.0 6.855 3.441 3.415 49.80 0.76
Ho = 0.09 m; Xo = 0.6; V/Vjm = 2.5 11.816 9.057 8.254 23.34 8.86
Ho = 0.12 m; Xo = 0.6; V/Vjm = 1.3 _ 7.947 7.484 _ 5.83

7.280 5.384 4.662 26.04 13.41
Ho = 0.12 m; Xo = 1.5; V/Vjm = 1.25 6.855 3.283 3.176 52.11 3.26

– 5.940 5.170 – 13.00
Ho = 0.105 m; Xo = 1.05; V/Vjm = 1.88 – 6.950 6.08 – 12.50

a Initial value (% db)
b After drying in fixed bed (% db)
c After drying in spouted bed (% db)
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The results shown in Table 3 were obtained in column A with constant working
temperature, around 50 �C. In experiments performed in the column B, the effect of
temperature was also investigated. It was found that the initial moisture Xo affects
the losses of vitamin C. Table 4 presents the results obtained in the column B.

According to Table 4, it is observed that, as expected, the highest remainder
amount of vitamin C, (156.2 mg/100 g), was obtained at the lowest drying tem-
perature, 47.9 �C. The fresh guava pulp had a mean value of 211, 14 mg ascorbic
acid/100 g. Like most fruits, the variability of the composition of guava is large.
According [35] guava present ascorbic acid content that can vary between 55 and
1044 mg ascorbic acid per 100 g pulp. From the regression analysis, the final
average value for the pieces of guavas dried in spouted bed was 104.73 mg/100 g.
Thus, the vitamin C amounts remaining after drying in spouted bed can be con-
sidered good without considerable losses.

The final moisture and water activity are extremely low, ensuring a safe storage
and indicating that it could be used a shorter drying time in the finish step.

The Fig. 14 shows the kinetics of rehydration of guava pieces after drying in
spouted bed at three experimental conditions. It was found that the kinetic
behavior of rehydration was very similar for the three conditions of the spouted
bed drying, varying Xo and T.

It is known that rehydration is a complex process based on a reconstruction of
the properties of certain dry material in contact with a liquid phase. The rate and
amount of water absorbed in this process are dependent on each material and
previous process. These authors studied the kinetics of rehydration of banana,
pumpkin, apple and other vegetables and found that the rehydration could vary
between one and four times in depending of the type of material. According to
them, this behavior is due to the hysteresis effect in the drying process by dis-
ruption of cellular structures. In the case of guava pieces dried in combined fixed/
spouted bed, the product absorbs water to approximately 65 %, reaching this in

Table 4 Moisture, water activity, vitamin C and percentage of rehydration of the product as a
function of the initial moisture and drying temperature in spouted bed, Column B

T (�C) Xo (d.b) Xf (d.b) aw VC (mg/100 g) Rh (%)

50.0 0.60 0.34 0.48 142.00 65.89
50.0 1.50 0.19 0.33 84.50 68.41
60.0 0.60 0.33 0.45 126.60 66.33
60.0 1.50 0.25 0.39 97.50 67.71
47.9 1.05 0.20 0.34 87.60 68.17
62.1 1.05 0.37 0.56 156.20 64.13
55.0 0.41 0.34 0.53 142.00 64.24
55.0 1.69 0.22 0.38 89.10 67.92
55.0 1.05 0.28 0.43 112.60 67.52
55.0 1.05 0.27 0.39 104.10 67.72
55.0 1.05 0.25 0.39 97.50 67.79
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2 h. Structural changes during drying would be responsible for the partial rehy-
dration of guava just up to 65 %.

The foregoing results indicate that the product of combined drying has good
properties, maintaining the nutritional quality.

6 Final Remarks

The study of drying guava in combined fixed bed-spouted bed pointed to the
feasibility of this technique for the processing of fruit pieces. Special care should
be taken in the design of the equipment considering the geometry, especially the
particle diameter to column diameter ratio, as well as the choice of appropriate
operating conditions to ensure good stability of the spouting regime for a correct
scaling up. It was observed that the dehydrated product obtained in this case study,
presented good quality nutritional and organoleptic properties as well a final
moisture content proper to storage and rehydration capability. These results allow
us to expect good outcomes with other fruits similar to Guava in their textural
characteristics.
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Nutricional Enrichment of Waste
from Mesquite Pods (Prosopolis Juliflora)
Using Saccharomyces Cerevisiae

M. B. Muniz, F. L. H. da Silva, J. P. Gomes, S. F. M. de Santos,
F. C. dos Santos Lima, H. V. Alexandre and A. S. Rocha

Abstract The mesquite is an exotic tree is a plant from the region of Piura in
Peru, which is easily adapted in Northeast Brazil. Today, several studies confirm
its usefulness for both animal feed and human. With the growing concern for the
environment and sustainability harnessing its waste has been studied. Thus, this
study was conducted with the aim of studying the isotherms as well as analyzing
the effect of inoculation of Saccharomyces cerevisiae in the waste of mesquite
pods in the protein enrichment in semisolid fermentation process. It was found that
the GAB model was best represented the experimental data of the isotherms. The
values of total reducing sugars were mostly inversely proportional to protein
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increases. The analysis of the material obtained presented a maximum content of
26.27 % crude protein at 40 �C over a period of 24 h.

Keywords Mesquite � Residue � Fermentation � Drying

1 Introduction

The mesquite is a leguminous plant which is rich in nutritional components and
found aplenty in the Northeast Region of Brazil, especially in the Cariri region of
Paraíba state. With the constant growth of the horticulture agribusiness in Brazil’s
Northeast, the use of by-products from processing stands out as an alternative for
animal feed. It is noteworthy that, despite this growth, agro-industrial by-products
are still little used and may become environmental pollutants [29].

The mesquite is a leguminous tree that focuses most of its nutritional value on
pods (fruits), and thereby it is a rich source of carbohydrates and proteins. Studies
on the use of mesquite for several species, such as cattle, sheep, pigs, poultry, have
been developed with the goal of making feasible its inclusion in feed, as well as
minimizing the costs of animal production [7, 16, 17]. In order for small industries,
and small and medium producers to grow and be competitive, studies bringing
improvements for farmers need to be carried out, adding value to products through
better use, such as the industrialization of pods and their byproducts.

The use of regionally adapted plant material is essential to improving the food
supply that can replace, partially or completely, some basic components in the
composition of animal feed. However, in the case of tropical fruits it is possible to
observe a great waste of by-products from processing with excellent potential for
use in animal nutrition, as is the case of cashew [22].

The following substrates used for obtaining protein enrichment by microor-
ganisms stand out: banana waste, flour and solid waste from processing cassava,
corn cob, sugar cane, sugar cane bagasse, apple pomace, molasses, vinasse, wheat
bran and straw, chick- peas, coffee pulp, cooked rice, lemon peel, orange, waste
from the manufacture of frozen acerola pulp, passion fruit, pineapple, guava,
strawberry and cashew peduncle. These in Brazil represent abundant raw material
of low cost [8, 11, 20, 21, 25].

The biggest issue concerning the use of protein-rich foods is their high cost.
Once the producers can enrich the forages on their property with protein, the cost
of food protein will decrease because there will be no transportation expenses of
feed and they will be using only material produced on their farms [4, 20, 22].

The semisolid state fermentation (referred to in Portuguese as FSS) is a process
in which there is growth of microorganisms on or within the solid matrix particles,
where the quantity of liquid has a water activity level that can ensure the growth
and metabolism of the microorganisms but which does not exceed the maximum
binding capacity of the water [21].
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Almeida et al. [2] analyzed the bioconversion of mandacaru for the production
of bioproducts, and they found that during the semisolid fermentation of manda-
caru using the fungus Aspergillus niger, there was an increase of 76.9 % protein in
the substrate, in the time of 72 h fermentation at a temperature of 30 �C to a
thickness of 1 cm.

Campos et al. [7] investigated the nutritional enrichment of cactus pear and
observed that the maximum crude protein content achieved in the rotating drum
bioreactor was 43.27 %, attaining a 6.44 times increase of protein using the yeast
Saccharomyces cerevisiae. The same authors also noted that the best results for
obtaining the crude protein (protein enrichment) was at the fermentation time of
8 h in trays, and at 4 h for fermentation in rotating drums.

In addition, Holanda et al. [11] studied the protein enrichment of cashew
peduncle with the yeast Saccharomyces cerevisiae for animal feed and noted that
the proportion of 10 % of yeast on the biomass from the cashew’s peduncle
provides a protein content above the 20 % of the fermented material. These
authors concluded that the fermentation time needed for the protein conversion of
the carbohydrates from the cashew’s peduncle is less than 24 h.

Finally, Oliveira et al. [19] worked with bioconversion nutritional enrichment
of organic residues to use in animal feed and noted that the best values of the
concentration of crude protein for the waste occurred at the time of 48 h using the
yeast Saccharomyces cerevisiae.

The present work aims at developing the protein enrichment of waste from mes-
quite pods, by means of the semisolid fermentation using the organism Saccharo-
myces cerevisiae, seeking to maximize the increase in protein content in the substrate.

2 Materials and Methods

This work was carried out at four laboratories, namely the Laboratory of Biochemical
Engineering (referred to in Portuguese as LEB) of the Academic Unit of Chemical
Engineering UAEQ/CCT/UFCG, the Laboratory of Transfer in Porous Media and
Particulate Systems Academic Unit of Chemical Engineering UAEQ/CCT/UFCG,
the Electrochemistry Engineering Laboratory from the Federal University of
Campina Grande UAEQ/CCT/UFCG and the Animal Nutrition and Feeding Labo-
ratory (referred to in Portuguese as LNAA), from the Department of Animal Science
from the Federal University of Paraíba—UFPB—Campus of Areia, PB.

2.1 Protein Enrichment

Bioreactors were used in the semisolid fermentation of mesquite pods using the
yeast Saccharomyces cerevisiae (commercial yeast, Fleischmann brand) with
moisture of 70 %.
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The substrate (mesquite residue) was inoculated by yeast to obtain a semisolid
fermentation in the bioreactors in concentrations of 2, 4 and 6 % and at temper-
atures of 30, 35 and 40 �C. At every given time, the samples were removed and
stored in plastic containers with a capacity of 50 mL, which were conducted in
oven at 55 �C for 24 h so as to avoid changes of nutrients, especially nitrogen
compounds.

The actual and coded levels of independent variables, in order to study the
influence of the input variables (the yeast concentration and temperature) are
shown in Table 1. The 22 factorial design was employed with three trials at the
central point (Table 2) of the planning matrix, having pH, protein and ART at
temperatures 30, 35, 40 �C as response variables to moisture.

Figure 1 shows the process of semisolid state fermentation of mesquite bran in
bioreactors in yeast concentrations of 2, 4, and 6 % and at temperatures of 30, 35
and 40 �C, according to the factorial design.

2.2 Description of the Process of Semisolid Fermentation
in Bioreactors to Obtain Protein Enrichment

2.2.1 Solid Fraction (Bran)

Before being subjected to semisolid state fermentation, preliminary tests were
performed to observe the growth of the microorganism to obtain the protein
enrichment.

Table 1 Actual and coded levels of the input variables

Variables Encoded levels

Level (-1) Central point Level (+1)

Yeast concentration (g L-1) 2 4 6
Temperature (�C) 30 35 40

Table 2 Matrix of 22 + 3 factorial design for semisolid fermentation

Tests Yeast concentration (%) Temperature (�C)

1 -1 (2 %) -1 (30 �C)
2 +1 (6 %) -1 (30 �C)
3 -1 (2 %) +1 (40 �C)
4 +1 (6 %) +1 (40 �C)
5 0 (4 %) 0 (35 �C)
6 0 (4 %) 0 (35 �C)
7 0 (4 %) 0 (35 �C)
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2.2.2 Drying and Milling

Drying of waste from mesquite pods was performed at 55 �C for 24 h in aluminum
trays in the oven with air circulation. Then the material was ground in an electric
mill (Tecnal brand, model TE.631) at the speed of 21,500 rpm to conduct grinding.
The initial moisture content was around 8 % wb (Fig. 2).

2.2.3 Screening

Once crushed and milled, a homogeneous sample was obtained which was sieved
onto mesh. The screening was performed using sieves of Tyler 60 and 80 (Fig. 3).

Preliminary tests

Solid Fraction (bran)Water
activity

Preparation of inoculum

Inoculation microorganism

Solid state fermentation of 
bran mesquite 

(bioreactors)
Moisture and 

pH

Drying
72 h/55 ºC

Store in airtight containers 
-15 ºC

Analysis

Fig. 1 Flowchart of experimental nutritional enrichment of mesquite residue
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2.2.4 Grain-Size Measurement

In order to obtain the bran, a fraction was obtained with grain size (48 mesh). All
material was sieved in the Granutest brand sieves with holes 0.25 (Table 3).

2.2.5 Moisture Adsorption Isotherms

For this achievement, the equipment Termoconstanter Novasina TH200 was used,
at the temperature of 30 �C. Initially, 10 g of the waste was weighed (mesquite
bran) in 10 containers and amount of distilled water with different amounts (0.2,

Fig. 2 Grinding of waste
from mesquite pods

Fig. 3 Screening of waste
from mesquite pods

Table 3 Size classification of flour and bran from mesquite pods

Classification Thickness of sieve (mesh) Thickness of sieve (mesh)

Bran Above 60 Above 0.250
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0.5, 0.8, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0 mL). After the materials have been
moistened and then homogenized, about 2 g of the sample were withdrawn and
placed inside the cell for reading on the device. The reading of the water activity
(aw) was done in two stages: before and after equilibrium by Eq. 1.

Xeq ¼
mi �Ms

ms
ð1Þ

where:
Xeq Humidity (dry basis)
mi Initial mass (g)
ms Dry mass (g)

Once the data were found regarding water activity (aw) and its balance mois-
tures (Xeq), the adsorption isotherms was constructed for the temperature of 30 �C.
GAB (Eq. 2) and BET (Eq. 3) mathematical models were used.

GAB ¼ Xeq ¼
Xm:C:K:aw

ð1� K:awÞ:ð1� K:aþ C:K:awÞ
ð2Þ

BET ¼ Xeq

Xw
¼ Caw

1� aw

1� ðnþ 1Þan
w þ nanþ1

w

1� ð1� CÞaw � Canþ1
w

� �
ð3Þ

where:
Xeq Equilibrium moisture content, g g-1

Xm Moisture in the molecular monolayer
aw Water activity
C, n, a, c Parameters of the models

Data adjustment was observed by means of the coefficient of determination
(R2) and average percentage deviation (P) given by Eq. (4).

P ¼ 100
n

Xn

i¼1

jVE � VT j
VE

ð4Þ

where:
n Number of experimental data
EV Value of experimental moisture of the material
VT Theoretical value of moisture

2.2.6 Material Preparation and Inoculation on the Substrate

Rectangular trays of stainless steel (Fig. 4) with the dimensions of
35 9 20 9 45 cm3 were used to condition a volume of 3 L. These bioreactors
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were taken to an oven without air circulation to begin the fermentation at tem-
peratures of 30, 35 and 40 �C and the concentration of yeast (Saccharomyces
cerevisiae) of 2, 4, and 6 %, according to the factorial design. This contained
commercial yeast, with a humidity of 70 % on wet basis. For each tray 500 g of
substrate were placed.

2.2.7 Semi-Solid Fermentation of Bran Mesquite

The analyses of pH and moisture for different times (0, 2, 4, 6, 12, 24, 48, 72, and
96 h) were performed in an oven without air circulation (Fig. 5). At each specified
time the samples were placed in black plastic pots with a capacity of 50 mL
samples which were conducted to the oven at 55 �C for 24 h in order to avoid
changes in nutrients, especially nitrogen compounds.

Fig. 4 Semi-solid
fermentation in bioreactor
trays

Fig. 5 Semi-solid
fermentation of mesquite
bran in the oven without
movement
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2.2.8 Storage

All material was stored at 15 �C in film plastic pots so that afterwards the due
physical and chemical analyzes were performed.

2.2.9 Physical and Chemical Analyzes

Moisture:
Moisture was determined following the methodology of Brazil [5].
pH:
In order to determine the pH of the material, 2.5 g of each sample (in triplicate)

were used and these were placed in the Erlenmeyer flask with 25 ml of distilled
water at an average temperature of 26 �C. The pH was determined according to
AOAC [3].

Increased protein:
The crude protein content was determined by the Kjeldahl method using UV-

Vis spectrophotometry. The protein content was obtained according to the nitrogen
by multiplying it by a factor of 6.25 according to Eq. 5.

AP ¼ ð%ÞProteina BrutaðenriquecidaÞ � Proteina Brutaðin:naturaÞ
ð%ÞProteina Brutaðin:naturaÞ � 100

ð5Þ

Total reducing sugars (TRS):
The percentage of total reducing sugars was determined by the DNS (3.5

Dinitrosalicylic Acid) method, according to AOAC [3].
Gross energy (GE):
The analysis of gross energy of the mesquite bran was performed according to

AOAC [3].
Phosphorus (P), potassium (K), calcium (Ca) and magnesium (Mg):
The analyses of the percentage of P, K, Ca and Mg from the mesquite bran were

determined as described by Silva [28] and also by Le Poidevin and Robinson [12].
Neutral detergent fiber (NDF) and acid detergent fiber (ADF):
The NDF and ADF analyzes were performed according to AOAC [3].

3 Results and Discussion

3.1 Physico-Chemical and Chemical Composition
of the Bran in Natura from Mesquite Pods

The results of physico-chemical and chemical composition of the waste from
mesquite pods in natura are described in Table 4.
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The moisture content for the residue of mesquite pods found in this study was
lower than that described by Silva et al. [27], who found a mean value of 11.52 %,
which is similar to the value found by Almeida et al. [1], i.e., 7.18 %. Knowledge
of the bran moisture is crucial to efficiently and appropriately study protein
enrichment, since by means of its control it is possible to avoid both contamination
of the substrate due to the high moisture content or even a failure in growth of
yeasts due to the low moisture content. Thus, protein enrichment requires bal-
ancing the moisture level of the material that will be used depending on the
metabolism of the microorganism [20].

The total acidity of the waste from mesquite pods was similar to that found by
Silva et al. [27], which was 6.84 %. However, the levels of lipids (1.54 %) and
protein (6.84/6.17 %) disagree with those obtained in our work. Santos and
Rebouças [24] found a value of 7.82 % for crude protein, agreeing with the result
determined in our study. According to Bravo et al. [6], the minimum protein content
required for feed for ruminants is 7.0 %. Therefore, in this regard, the product
obtained in this work would agree to feed use for this type of animal, for example.

The increased intake of NDF and ADF can affect the digestibility of fibrous
compounds by increasing the rate of passage of gut contents [14] and may result in
a reduction in digestibility of NDF and ADF, when the replacement level of
mesquite pod bran in concentrated feed is higher, because feed presenting high
replacement levels also have higher levels of these compounds. The mineral
content which was analyzed for the residue of mesquite pods was lower than those
found by Silva et al. [27], i.e., 2.84 %, Santos and Rebouças [24], i.e., 3.82 %, and
Silva [26] in the amount of 3.18 %.

Table 4 Physico-chemical
composition of a bran in
natura from mesquite pods

Component Bran in natura

Moisture content (%) 7.87 ± 0.09
Total acidity (%) 6.75 ± 0.64
Protein (%) 7.65 ± 0.05
Lipíds (%) 5.49 ± 0.00
Minerals (%) 2.24 ± 0.01
NDF (%) 69.45
ADF (%) 51.98
Total reducing sugars (%) 87.75 ± 0.64
pH 4.73 ± 0.00
Organic matter 97.86
Dry matter (%) 92.13
Crude fat (%) 3.15
Ca (g kg-1) 2.69
Mg (g kg-1) 1.18
N (g kg-1) 20.30
P (g kg-1) 1.28
K (g kg-1) 3.64
Fe (g kg-1) 4.36
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The pH of the residue found in the sample of mesquite pods was 4.73.
According to Teles et al. [29], the pH around 4.5 provides only the development of
fungi and some yeasts, microorganisms used in this study. Also according to these
authors, in relation to calcium and phosphorus micronutrients, the values were
0.78 and 0.27 respectively, lower than those determined in the present study.

The total reducing sugars are the soluble sugars present in the material, con-
sisting of glucose, fructose and sucrose. The TRS content found in this study was
87.75 %, a value which is similar to Silva’s [26], who studied the production of
brandy mesquite, which was 88.63 %. This compound is of paramount importance
for animal feed, being a carbohydrate source to be used as byproducts in fer-
mentation processes.

3.2 Adsorption Isotherm of Bran Moisture (Residue)
from Mesquite Pods in Natura

The experimentally obtained data, concerning the equilibrium moisture content
(Xeq) at 30 �C, for the residue (Bran) of mesquite pods in natura and their
respective values of water activity (aw) are shown in Fig. 6.

Table 5 presents the parameters of the mathematical models GAB and BET, the
coefficients of determination (R2) and the relative mean deviation (P) obtained for
the adjustment to the experimental data of moisture adsorption isotherms of bran
(residue) of mesquite pods in natura at the studied temperature.

From Table 5, it follows that all the models were appropriately adjusted to the
experimental data, since the P value indicates a good fit when it is less than 10 %,
while R2 should be as close to unity [13, 15].

According to the results, the values of the coefficient of determination (R2) and
the mean relative error (P) from the GAB model best described the moisture
adsorption isotherms of bran (residue) of mesquite pods in natura at temperature
30 �C, as compared to the BET model.

Ferreira and Pena [10] found a good adjustment to the data of the experiments
using the GAB model for the adsorption isotherms of peach-palm flour at 15 and
35 �C. Almeida et al. [1] also found that the GAB model showed better adjustment
to evaluate the adsorption isotherms of mesquite pods at the temperature of 30 �C
with a coefficient of determination of 99.81 % and a standard deviation of 2.44 %.

Analyzing the data in Table 5, it can be seen that the GAB model showed value
of the contents at the molecular monolayer (Xm) lower than the BET model, while
for the heat of sorption (C) the value was higher. The constant (K) of the GAB
model showed a value close to unit 1.

Figure 7 shows the moisture adsorption isotherm of waste from mesquite pods
in natura regarding the temperature of 30 �C, adjusted by the GAB model. It can
be seen that there was a satisfactory adjustment to the extent of the range of water
activity (aw).
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In Fig. 8, it is possible to see the moisture adsorption isotherm of the residue of
mesquite pods in natura related to the temperature of 30 �C, adjusted by the BET
model. It was found that there was not a satisfactory adjustment of the length of the
strip of water activity (aw), only at the start and end points there were two points of
water activity (aw) that fit within the model.

It is observed in Figs. 7 and 8 that the equilibrium moisture content on a dry basis
increases with the increasing of water activity. The optimum range of water activity
for the growth of the yeast (Saccharomyces cerevisiae) which will be used in the
enrichment process must be between 0.90 and 0.99 aw of the substrate [9, 25]. Then,
by correlating water activity and equilibrium moisture content shown in Fig. 8, it
can be stated that the process of semisolid fermentation for the enrichment of
mesquite pods should be operated with an initial moisture content (dry basis) greater
than 0.30, which corresponds to a moisture content (wet basis) of more than 23 %,
otherwise the growth of the microorganism is inhibited and may not even develop.
For the storage of bran in natura, using neither additives nor cooling, it is necessary

Fig. 6 Adsorption isotherm of moisture bran (residue) from mesquite pods in natura at
temperature of 30 �C

Table 5 Tuning parameters of GAB and BET mathematical model, with the respective coeffi-
cient of determination (R2) and the mean percentage deviation (P), temperature 30 �C

Temperature (30 �C) Parameters R2 P (%)

GAB Xm C K
0.044 12.941 0.955 0.998 3.60

BET Xm C n 0.979 4.28
0.231 0.008 4.347
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for optimal activity range of residual water to be between 0.25 and 0.35, which
corresponds to a moisture content (dry basis) below 0.053, equivalent to a moisture
(wet basis) of 5.04 %, thus eliminating any growth of microorganisms [23].

Fig. 7 Adsorption isotherm for the residue of mesquite pods in natura at the temperature of
30 �C (GA model adjustment)

Fig. 8 Adsorption isotherm for the residue of mesquite pods in natura at the temperature of
30 �C (BET model adjustment)
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3.3 Protein Enrichment

Table 6 depicts the fermentation kinetics of bran protein enrichment at 30 �C with
concentrations of yeast of 2 and 6 %, respectively, where it can be observed that
the best time the substrate was fermented by the yeast Saccharomyces cerevisiae.

The protein values found in this work are in accordance with the NRC [18].
It was found in this study (Table 6) quite significant protein increase, especially

in times of 12, 48 and 72 h. These values agree with Ramos et al. [22] and Siva
et al. [27] for feed.

Table 7 shows the data for levels of total reducing sugars (TRS) of the residue
from mesquite pods throughout the fermentation process of protein enrichment
using the yeast Saccharomyces cerevisiae.

It is observed from the results in Table 7 that there was sugar consumption of
the substrates through the fermentation time. There is a gradual reduction of TRS
for experiments 1 and 2 until the time of 96 h. In experiments 3 and 4, TRS
consumption occurred more rapidly until the time of 24 h, with a softer con-
sumption during the entire process. Almeida et al. [2] studied the behavior of
consuming TRS during the process of semisolid fermentation at 38 �C, to inves-
tigate the bioconversion of mandacaru using Aspergillus niger and observed a
slight decline in the consumption of TRS, following a more marked consumption
at the time of 72 h. This trend was also observed in this study.

Table 8 shows the results of the pH in the process of protein enrichment of
mesquite pod residue.

Analyzing the pH values (Table 8), it is observed that in experiments 1 and 2,
the values in general increased until 48 h. In the experiments 3 and 4, there was
also an oscillation of pH in the fermentation process over time, but at the time of
12 h, there was a greater increase in pH. For experiments 5, 6 and 7 at a tem-
perature of 35 �C, greater pH increase at the time of 96 h.

Table 9 contains the moisture in humid basis in the process of protein
enrichment of the residue of mesquite pods in different concentrations of yeast and
temperature.

Table 6 Values of crude protein during the process of semisolid fermentation with nine
experiments

Experiment/Temp. (�C) Fermentation time (h)

Protein content in natura (7.6)

0 2 4 6 12 24 48 72 96

1 (30) 9.66 11.08 9.46 10.47 15.33 10.07 10.47 11.89 11.28
2 (30) 11.82 13.51 14.93 16.14 17.15 13.10 12.09 12.29 12.09
3 (40) 10.88 16.14 10.07 16.14 17.76 23.64 16.55 16.95 16.14
4 (40) 13.71 20.40 20.19 21.41 17.15 26.27 22.22 23.64 22.22
5 (35) 12.50 13.51 12.90 13.71 10.47 13.10 11.69 14.12 10.88
6 (35) 12.29 13.01 11.48 12.09 12.29 12.90 12.09 14.32 14.12
7 (35) 11.89 12.09 11.48 11.69 8.65 10.07 9.05 15.74 13.10
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It is observed in Table 9 decreases of moisture in all fermentations, according
to these figures presented. Small changes that occurred may have been due to the
susceptibility of moisture exchange with the environment and air drying that
occurs normally in biological products [1, 10].

Table 7 Values of total reducing sugars during the process of semi-solid state fermentation

Experiment/Temp. (�C) Fermentation time (h)

in natura (120.231)

0 2 4 6 12 24 48 72 96

1 (30) 105.87 84.3 60.40 37.66 36.64 32.24 31.22 26.81 6.45
2 (30) 110.80 52.26 32.58 13.24 11.54 11.88 7.13 6.11 4.00
3 (40) 111.80 70.77 68.54 38.00 22.73 12.89 10.52 10.86 9.84
4 (40) 114.56 74.00 89.58 32.57 20.69 13.23 9.50 9.50 8.48
5 (35) 118.09 81.94 60.40 20.36 20.02 19.00 12.21 10.85 9.16
6 (35) 118.00 84.90 52.93 19.68 12.63 16.29 13.24 11.87 11.19
7 (35) 117.67 81.03 50.56 32.24 20.69 20.36 19.00 17.64 10.18

Table 8 pH value in the process of protein enrichment of mesquite pod residue

Experiments/temp. (�C) Fermentation time (h)

0 2 4 6 12 24 48 72 96

1 (30) 4.54 4.75 4.97 4.61 4.72 4.92 5.06 4.88 4.12
2 (30) 4.63 4.86 4.57 4.73 4.89 5.04 5.14 5.04 3.94
3 (40) 4.37 4.28 4.14 4.19 4.43 3.80 4.07 4.28 4.23
4 (40) 4.50 4.06 4.05 3.98 4.28 3.72 3.95 4.23 4.04
5 (35) 4.38 4.21 3.95 3.97 3.89 3.94 4.03 4.03 4.74
6 (35) 4.35 4.09 3.92 3.98 3.88 3.88 3.87 3.97 4.59
7 (35) 4.58 4.14 3.98 4.05 4.06 4.07 4.31 4.42 4.72

Table 9 Moisture content (w.b.) in the process of protein enrichment of waste from mesquite
pod

Experiments/temp. (�C) Fermentation time (h)

0 2 4 6 12 24 48 72 96

1 (30) 46.59 46.63 48.93 47.92 43.82 40.85 38.07 35.43 28.18
2 (30) 47.56 48.50 52.12 47.13 41.46 41.74 41.31 38.30 33.05
3 (40) 43.90 46.44 47.78 46.32 45.43 39.58 33.16 14.57 9.77
4 (40) 54.66 52.93 51.81 50.62 49.40 46.33 35.45 26.72 10.82
5 (35) 48.50 49.14 48.66 47.91 48.05 44.58 41.96 35.09 30.87
6 (35) 46.26 49.97 48.94 48.60 47.95 45.97 44.73 43.17 37.16
7 (35) 48.45 47.87 49.05 47.57 46.33 44.93 36.14 33.89 28.83
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4 Conclusions

1. The applied models fitted well to the experimental data, and the GAB model
best represents the data.

2. The best protein value for residues of mesquite pods during semisolid fer-
mentation using a commercial yeast Saccharomyces cerevisiae was in the time
of 24 h at 40 �C with a yeast concentration of 6 % in the amount of 26 27 %,
resulting in an increase of 345.65 % protein.

3. The values of total reducing sugars were mostly inversely proportional to the
protein increase for all experiments.
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Evaluation of Cashew Apple Bagasse
for Xylitol Production

F. C. S. Lima, F. L. H. Silva, J. P. Gomes, M. B. Muniz
and A. M. Santiago

Abstract In this chapter is presented the general features and theoretical
foundations about the topic, as its importance, consequence and transformation of
the lignocellulosic residues in biotechnological processes; xylitol and its impor-
tance in biotechnological production, fermentation process and kinetic study.
After, are presented the procedures of the experimental study that aimed to
evaluate the potential of the liquor obtained from the cashew apple bagasse, for the
production of xylitol, through the fermentation kinetics and fermentative param-
eter. The experimental work has shown that C. guilliermondii was able to consume
xylose in all fermentations performed with greater production of xylitol of
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2953.19 mg/L in 12 h of fermentation, obtaining volumetric productivity of
xylitol, the factor and the efficiency of conversion of xylose to xylitol 0.108 g/L h,
90.70 and 98.99 %, respectively.

Keywords Xylitol � Acid hydrolysis � Fermentation

1 Introduction

The agroindustrial residues are situated among the greatest sources of biomass in
the world. In Brazil, the amount of lignocellulosic residues generated annually is
597 million tons [1], generating considerable damage to the economic activities of
the agroindustrial sector and to the environment.

The accumulation of these residues unleashes a succession of problems of
environmental origin arising from the imbalance generated by the uncontrolled
decomposition of this material, besides the loss of potential energy resources,
generating an economic problem.

The transformation of agroindustrial residues by biotechnological processes
allows the development of the science and technology in emerging countries where
this type of material is abundant considering the fact these countries have large
agricultural productions, raw materials and low production of manufactured
materials.

The use of lignocellulosic residues in biotechnological processes requires some
preparation steps by means of the acid or enzymatic hydrolysis to release the
cellulose or hemicellulose fractions [2].

The prehydrolysis consists on a substantiated technique, quite widespread, of
relatively low cost, which yields the release of pentoses (xylose and arabinose) and
hexoses (mannose, glucose and others) constituents of hemicellulose. Once the
xylose is the second most abundant sugar in the biosphere, hydrolysates obtained
by this technique is characterized by becoming ideal for the production of several
compounds, one of which is the xylitol. Furthermore, the biotechnological pro-
duction of xylitol from xylose of the hemicellulose of agroindustrial residues not
only presents aggregation of value to the residues but also a cheaper alternative for
xylitol production since, by the chemical method usually used, its production has a
high cost, by the number and type of purification stages of the xylose solution and
separation of the catalyst employed [3].

Thus, the optimization of the alternative process of low cost for the biotech-
nological production of xylitol has become a global challenge and has been
intensively investigated because it may contribute to the strengthening of various
industrial segments such as pharmaceutical, odontological and food industries.

In this context, it is worth remembering that Brazil is known for its great
potential of production of renewable resources such as agricultural residues (such
as bagasse from sugar cane, rice straw, wheat straw, oat hulls and fruit peel), forest
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residues (such as wood shavings, sawmill dust and rest) and cultures such as
willow and elephant grass [4]. Considering that these residues may contribute to
the reduction of production costs, the cashew apple emerges as an alternative raw
material for the production of xylitol because of its wide availability and high
concentration of reducing sugars.

In the Brazilian Northeast the cashew, agribusiness produces annually about
200 tons of almonds and 2 million tons of cashew apple [5]. And, with the industrial
use of the cashew apple of only 15 % of the total, large part is lost in the field. The
use of cashew apple for xylitol production is justified by the wide availability in
some states in the Northeast. Mainly in the state of Ceará, which accounts for 68 %
of the national production of cashew, being a way to take advantage of the residue
(bagasse) from the fruit avoiding the waste, which is around 85 %, making the
cashew culture being more valued, generating employment and income.

2 Biomass

Currently, the energy needs of the planet are based mainly on fossil fuels (oil,
natural gas and mineral coal). The reserves of these deposits are finite and their
exploitation has provoked serious environmental problems [6].

The search for alternative renewable sources will intensify to supply the con-
stant increase of energy demand and raw materials. One of the few sources that
have the potential to meet these challenges of sustainability is the biomass, which
appears to be a raw material with great potential, viable alternative against fossil
fuels for the production of transportation fuels and chemical products, since it is
the only material rich in carbon available on the planet beyond fossil [6].

To achieve these goals for sustainable development, biorefineries should
exercise a dominant role in this millennium [7]. In this context, several researchers
have demonstrated interest in developing alternative energy generation technolo-
gies that reduce dependence on fossil sources and are domestically available,
renewable and less polluting [8].

The vegetable biomass and algae are very attractive candidates to play this role,
as they are considered the only sustainable nutrient sources for the production of
liquid fuels. As this is a renewable, abundant and inexpensive source that directly
or indirectly, is produced by photosynthesis, fixing carbon from the atmosphere in
resident carbon through the formation of carbohydrates present in the biomass
composition.

2.1 Lignocellulosic Residues

The lignocellulosic biomass covers various agricultural residues (straw, peels,
shavings, corn fiber and sugar cane bagasse), wood and residues from the paper
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industry. The compositions of these materials vary and are constituted mainly of
cellulose (35–50 %) followed by hemicellulose (20–35 %) and lignin (10–25 %)
and can be converted into energy, chemical products and food [9]. For this to occur
it will be necessary, hydrolyze them, because due to its polysaccharide nature, are
not directly utilized by microorganisms of industrial interest.

From technological perspective the sugars contained in cellulose fractions
(glucose) and hemicellulose (xylose, arabinose, glucose, mannose and galactose)
represent the substrates that can be used for the production of xylitol by fermen-
tation pathway. However, the association between the three main fractions (cel-
lulose, hemicellulose and lignin) is so great, imposing obstacles for the recovery of
constituent sugars in the form of monomers with high purity grade [10].

The constituent cellulose that is the most abundant of the vegetal cell wall is a
linear homopolymer of high molecular weight which contains, as a fundamental
unit exclusively the b-D-glucose united among them, forming the cellobiose,
compounds of repeating units in its chain. It presents as microcrystalline structure,
which hardly dissolves or hydrolyzes under natural conditions [11].

The hemicelluloses are polymers whose composition may appear in condensed
varied proportions, the backbone of their chains may be a homopolymer (usually
consisting for a single repeating unit of sugar) or an heteropolymer (mixture of
different sugars), as other components, such as acetic, glucuronic and ferulic acid.
The hemicelluloses have low molecular mass and contain no crystalline regions
and are therefore more susceptible to chemical hydrolysis under milder conditions
and are closely associated to cellulose in the plant tissues [11, 12].

While lignin is formed from three main precursors: the p-coumaryl, coniferyl
and sinapyl alcohols. Found in the cell wall of all vascular plants, is a phenolic
polymer, derived from aromatic alcohols that have the function to confer rigidity
and impermeability to water, besides mechanical and microbiological resistance to
vegetal tissues [13]. It is presented in Table 1, the chemical composition of some
lignocellulosic residues.

Many lignocellulosic materials such as organic residues [18–20], are used as a
mean of cultivation to the biotechnological obtainment of xylitol. Among the
different biomasses that compose the lignocellulosic materials, the cashew apple
bagasses are promising sources for its bioconversion, since they constitute in
abundant residue.

Table 1 Partial chemical composition of some lignocellulosic residues

Lignocellulosic residues Cellulose (%) Hemicellulose (%) Lignin (%) References

Corn leaves 37.6 34.5 12.6 [14]
Sugarcane bagasse 40.0 21.5 27.5 [15]
Marabou 39.5 21.7 32.1 [16]
Cashew apple bagasse 24.6 15.1 24.6 [17]
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2.2 The Cashew Apple

The lignocellulosic biomasses represent an abundant source of sugars through
biotechnological processes, can be converted into products of industrial interest
given to the challenges of sustainability, context in which the culture of cashew
tree has great potential for the technological development from their industrial
residues known popularly as cashew bagasse that, in general, are reused to enrich
animal feed or discarded for lack of incentive of its use as human food [21].

According to [22] the cashew tree (Anacardium occidentale L.) occupies a
prominent place among the tropical fruit plants in face of the increasing com-
mercialization of its main products. Belonging to the Anacardiacea family is, in
turn, a typically Brazilian plant as it was already here, in the Brazilian Northeast,
when the first Portuguese settlers arrived and from here spreaded their seeds for
their domains, in Africa and Asia. The name cashew is derived from the indige-
nous word ‘‘acaiu’’, in Tupi, means nut which produces itself [23].

Cashew is a pseudo fruit often confused with the fruit, chestnut, a drupe whose
seed is edible. Scientifically termed floral peduncle, with variant color between
yellow and red, the peduncle has developed in a different way, is consumed in
nature and appreciated for its juiciness [24]. In the innermost part of the nut is
located the almond that is constituted of two fleshy and oily cotyledons, which
compose the edible part of the fruit (Fig. 1).

Due to its fragility the cashew apple, is highly perishable when stored at room
temperature and after a period of 48 h it presents wrinkled, ferments and conse-
quently loses the attractiveness providing mechanisms to accelerate the microbi-
ological degradation, thus contributing to the rejection or loss of hundreds of
thousands of tons per year of the product [25].

2.3 Acid Prehydrolysis of Lignocellulosic Materials

The lignocellulosic materials may be treated by biological, physical, chemical or
enzymatic processes, so that the release of fermentable sugars occurs. Among
these, acid hydrolysis is the oldest and most used for the production of xylitol [26].

Chestnut
(fruit)

Cashew apple
(pseudofruit) 

Fig. 1 Representation of the
cashew parts
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Diluted acids may be used for partial hydrolysis of lignocellulosic materials, a
procedure called prehydrolysis or pre-treatment which consists in fractionating the
chemical constituents most susceptible to the acid treatment, in order to remove
the hemicellulose fraction (xylose, arabinose and other sugars) favoring the
opening of the physical structure from the vegetal cell wall [26–29].

According to [10] the process of prehydrolysis with the use of dilute acids
presents two categories: The pre-treatment at high temperatures (greater than
160 �C) continuous process and low solid loading (5–10 % mass of substrate/mass
of the mixture) and low temperature (lower than 160 �C) batch process and high
solid loading (10–40 %). These treatments allow achieving high yields and that at
high temperatures, there is favoring of the hydrolysis of cellulose, while under
milder conditions occurs higher conversion of xylans to xylose.

During the pretreatment with diluted acids such as sulfuric, nitric, acetic and
hydrochloric acid, used as catalysts has been cited as the best type of pre-treatment
for agroindustrial residues [30].

2.4 Toxic Effect and Treatment for the Removal of Inhibitors
from the Fermentation Process

The biotechnological obtaintion of the xylitol presents restrictions as to the effi-
cacy during the fermentation process, due to the presence of inhibitory compounds
to microbial metabolism causing low yield and productivity in ethanol and xylitol,
being necessary detoxification treatment before fermentation, to improve the
performance [27].

The concentrations of these inhibitors (furfural, HMF and acetic acid) present in
the liquor after the pretreatment, deserve attention, because they depend on the
nature of the lignocellulosic material used and may limit the consumption of the
carbon source, reducing the speed of growth (inhibiting agent) or even prevent
bioprocess (toxic agent). In this context, the detoxification intended remove toxic
compounds [31].

The detoxification by adsorption with activated charcoal is widely used for
simple or combined treatment with alkalinization. Activated charcoal is added to
the hydrolysate and kept under stirring for determined time and temperature. In
this process, the adsorption capacity of compounds varies with the adsorption
conditions and with the type of active charcoal employed. The main disadvantage
of this method is the limited reuse of charcoal since its adsorption capacity is
exhausted in an irreversibly way, in a few cycles of operation [30].

A new method currently employed for detoxification of lignocellulose
hydrolysates, is to use the residual lignin of the hydrolysis as an adsorbent in the
extraction, taking advantage of their hydrophobic properties. The advantage of
using the residual lignin as detoxification agent front of chromatographic resins is
mainly economic. Because the lignin is a byproduct of hydrolysis after having
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been used for detoxification still can be used as a primary fuel [32]. After the
detoxification of the hydrolyzed liquors, they can be used in the bioconversion
process of xylose to xylitol efficiently.

3 Xylitol

Industries that produce sweeteners have registered an increasing demand by the
consumers for products with low sugar content and calorific value, among them,
xylitol as a sugar substitute comes with some interesting physical and chemical
properties that make it an important compound of high value to the industries:
pharmaceutical, odontological and food [33].

Xylitol is a five carbon polyalcohol, which presents the molecular formula
C5H12O5 (1,2,3,4,5 pentahydroxy pentane) and molecular weight of 152.15 g [34].
The name xylitol is related to the xylose, sugar of the wood, from which xylitol
was obtained by the first time. With open structure, the xylitol molecule has five
hydroxyl groups (OH), each attached to a carbon atom which is why this com-
pound is known as acyclic polyhydroxy alcohol or pentitol [35].

Xylitol presents properties similar to sucrose [36] besides being considered an
atoxic substance, according to the Food and Drug Administration (FDA) regu-
lating organ of food in the United States, as additive of the type GRAS (Generally
Regarded as Safe), its incorporation in food is legally allowed.

Studies have reported that xylitol may have numerous medical applications
however, [37] reported its use new applications in the medical area as agent for the
prevention of acute otitis media in children. Have [38] developed a dental veneer
containing 10 % xylitol, which has shown effective against caries, within 72 h
after application and from there came a new product against caries and infections
of the upper airways.

In the food industry the xylitol can be applied isolated or in association with
other sweeteners in canned products, baked goods, jams, marmalades, jellies,
desserts, chewing gum, ice cream and soft drinks, among others, improving color,
texture, flavor and the stability of these products [39]. The high heat of negative
dissolution responsible for the pleasant sensation of freshness and other physico-
chemical properties of xylitol, are presented in Table 2.

3.1 Production by Means of Biotechnological

According to Cassales et al. [40], an alternative to the formation of products with
high added value through lignocellulosic hydrolysates, within the concept of
biorefinery, is the production of xylitol. This pentahydroxylated alcohol has great
economic importance because it can be used as a substitute for conventional
sugars.
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The employment of hemicellulose hydrolysates with culture medium for the
biotechnological development process of xylitol has been shown to be possible.
The process is easier than the chemical conversion of xylose where the xylitol is
traditionally produced, with low yield (50–60 %) and high cost [38]. However, the
biotechnological production presents advantages such as use of milder conditions
of temperature and pressure [41] not being necessary the use of pure xylose, since
the microorganisms are capable of converting xylose to xylitol directly from the
hemicellulosic hydrolysate [42].

As an alternative to conventional acquisition process, xylitol can be produced
biotechnologically using yeast and/or enzymes. This process consists in the
fermentation of hemicellulose hydrolysates (solutions rich in xylose) obtained
from agroindustrial residues without the need for prior purification of the substrate
and may compete with the traditional chemical process [43].

Among microorganisms, the yeasts Candida guilliermondii and C. tropicalis
are considered the best producers of xylitol. Once inside the cell of the yeast, the
xylose is reduced to xylitol by the enzyme xylose reductase (XR) dependent or
NADH or NADPH. The xylitol formed relatively stable can then, be excreted from
the cell or oxidized to xylulose by the dehydrogenase xylitol enzyme with par-
ticipation of NAD+ or NADP+. The produced xylulose is phosphorylated by kinase
xylulose enzyme, forming xylulose-5-phosphate, which is metabolized in the
phosphopentose pathway [44].

Table 2 Characteristics and physicochemical properties of xylitol

Properties Characteristics or values

Empirical formula C5H12O5

Molar mass 152.15 g/mol
Appearance Crystalline powder
Color White
Flavor Sweet
Odor None
Melting point 92–96 �C
Boiling point 216 �C (1 atm)
pH (aqueous solution at 10 %) 5–7
Density (aqueous solution) 10 %—1.03 g/mL; 60 %—1.23 g/mL
Solubility in water at 20 �C 63 g/100 g solution
Viscosity (aqueous solution at

20 �C)
10 %—1.23 cP; 60 %—20.63 cP

Dissolution heat (endothermic) -34.8 cal/g
Caloric value 2.4 kcal/g
Refractive index (25 �C) 1.3471 (aqueous solution at 10 %)
Hygroscopicity At higher RH is more hygroscopic than the sucrose and less than

the sorbitol
Sweetness Similar to sucrose, superior to sorbitol and mannitol
Stability Stable at 120 �C (not caramelizes)

Source [59]
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Various other commercial products are obtained by fermentation highlighting
the ethanol used, even as a fuel. Among the advantages presented by biotechno-
logical processes, the cost reduction in relation to chemical processes stands out,
besides presenting characteristics that minimize environmental impact, as decrease
of toxicity of effluents and the use of renewable resources [43].

3.2 Fermentation Process

The fermentation can be defined as an alternative anaerobic process used by
certain species of microorganisms. In this process, substrates can be fermented into
products of commercial interest by the action of viable microorganisms. The
sugars are excellent fermentable substrates because produce intermediates which
can be reduced [45].

In general, the fermentation processes are classified according to the submerged
fermentation or solid state. Crucially, one of the most exalted parameters on the
difference of these two types of processes is the content of water present in the
reaction medium [45]. According to these authors, in the solid state fermentation
(SSF) there is an absence or near absence of free water. The present water in these
systems is complexed with the solid matrix of the substrate or as a thin layer
absorbed by the surface of the particles.

In submerged fermentation (SF) using a liquid fermentation medium in which
the nutrient sources used are soluble, being considered a technique that has relative
ease of large scale cultivation, because it ensures the homogeneity of the medium
and ease control of the parameters of process, especially if monitored by appro-
priate sensors [46].

For that in the submerged cultivation occurs good cell proliferation, the liquid
substrate must contain a source of carbon (energy source) as example: synthetic
sources (glucose, xylose, maltose, lactose, sucrose, oat xylan, citrus pectin and
glycerol) or natural sources (sugarcane bagasse, orange bagasse, oat bran, wheat
bran) among others [46]. And a source of nitrogen because in a culture medium
there must be some necessary vitamins for the metabolism of the microorganism
such as yeast extract, the tryptone and the protease peptone.

In the hydrolysed means of the vegetal biomass the fermentation can be con-
ducted in batch, feed-batch or continuous. The appropriate choice will depend on
the kinetic properties of the fermentation agent on the substrate and the economic
viability of the desired product to be obtained [47].

According to Prakasham et al. [48], the process of producing xylitol biocon-
version in laboratory scale is often performed in batch using shaken flasks or
reactor of the type stirred tank, with free or immobilized cells, and mediums based
on xylose or hemicellulose hydrolysates, resulting in productivity values ranging
between 0.55 and 0.78 g/L h.
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3.3 Studies of the Fermentation and Kinetic Parameters

The study of the kinetics of microbial processes is subject of interest of research
centers, because it aims to quantify the rate of cell growth, substrate consumption,
product formation and other related parameters, besides to evaluate the influence
of external factors such as pH, temperature, inhibitors etc. [49].

The mathematical models developed to represent the kinetics which occur in
the fermentation process are based specifically on knowledge of the biochemical
pathways that lead to the production of these compounds and the type of fer-
mentation [50]. These models are essential for the development of strategies for
optimization and control of fermentation processes.

The most simple and known equation to describe microbial growth is the
Jacques Monod’s equation, which considers the presence of the limiting substrate
for the growth, described in Table 3 [51].

4 Obtainment of Xylitol

The present research was conducted at the Laboratory of Heat and Mass Transfer
in Porous Media and Particulated Systems (LTCMMP) and at the Laboratory of
Biochemical Engineering (LEB) of the Academic Unit of Chemical Engineering
UFCG.

4.1 Raw Material

The raw materials used in this work were the cashew apple bagasse (Anacardium
occidentale L.) and its prehydrolysed liquor.

Table 3 Kinetic parameters of fermentation

Term Equation

Monod’s equation lx ¼ lmaxS
Ks þS

Conversion efficiency
g ¼

YP=S obtained
YP=S theoretical

� 100

Volumetric productivity QP ¼ DP
Dt ¼

Pf �Pj

tf � ti

Xylose consumption Yð%Þ ¼ Si �Sf

Si
� 100

Conversion factor of xylose to xylitol YP=S ¼ DP
DS ¼

Pf�Pi

Si�Sf

l is the rate of cell growth, lmax is the maximum rate of cell growth, S the concentration of the
limiting substrate and KS the Monod’s constant
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4.1.1 Obtainment of the Cashew Apple Bagasse

The cashew apple bagasse was purchased in the juice production industry, Frutnat
located in Campina Grande, Paraíba. This raw material was transported to the
LTCMMP, where the following treatment steps occur: two washes of the cashew
apple bagasse with distilled water at a temperature around 50 �C, for the average
time of 20 min each wash, then, the bagasse was subjected to two additional
washes with distilled water at room temperature for the leaching of remaining
sugars during juice extraction, until it reaches zero �Brix.

After these steps the bagasse was placed on aluminum trays and taken to dry in
an stove with air circulation at a temperature of 55 �C for 48 h. Then the material
was removed, ground in a cutting mill and sieved at 48 mesh, to reduce the
granulometry, and then vacuum packed in polypropylene plastic bags. They were
then stored in hermetically sealed containers for use in research.

4.1.2 Obtainment of the Prehydrolyzate Liquor

The prehydrolysed liquor to the research in development was obtained from
the raw material ‘‘cashew apple bagasse’’. This cashew residue was subjected
to the prehydrolysis process in which the main fraction that was removed was the
hemicellulosic, in a pressurized stainless steel reactor with FE50RP thermal
controller (automated time system, heating and indoor/outdoor temperature) and
700 mL of capacity. The reactor was charged with the bagasse using a mass ratio
of 1:6 and the sulfuric acid solution diluted at 3 % v/v, 95 % purity at 105 �C for
1 h, according to the study [52]. The liquor resulting from this prehydrolysis
was obtained after filtration to the separation of the solid fraction constituted of
cellulose and lignin.

4.2 Concentration of the Prehydrolysed Liquor

The prehydrolysed liquor was subjected to the process of concentration in a rotary
evaporator connected to a vacuum pump. The working temperature of the rotary
evaporator was 70 ± 5 �C in order to increase the sugar content, mainly xylose.
The prehydrolysed was concentrated by reducing its initial volume (FC 2.5) and
stored in a cold chamber at 4 �C for later use.

4.3 Detoxification Process of the Prehydrolysed Liquor

The liquor obtained from acid prehydrolysis, had its initial pH (0.98) elevated to
the final pH of 5.0, with addition of NaOH 17.5 %; the liquor was then subjected
to removal process (detoxification) employing up as adsorbent residual lignin.
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The operating conditions were: mass ratio of 1:100 (1 g of adsorbent/100 g
prehydrolysed liquor) keeping the mixture under stirring at 150 rpm in Shaker
equipment at 30 �C for 1 h and vacuum filtered to the elimination of precipitate
(Fig. 4) according to [53]. After each test the samples were collected for analysis
of sugars and fermentation inhibitors (congeners) in (HPLC).

4.4 Study of Fermentation Process

4.4.1 Obtainment of Microorganisms

Initially, the microorganism was cultured on corn for obtaining a large amount of
spores. Then the spores were dispersed. The yeast used in research for xylitol
production was CCT 3544 Candida guilliermondii obtained in André Tosselo
Foundation—FAT Collection of Tropical Cultures.

4.4.2 Reactivation of Lyophilized Cells

For reactivation of the cells was added 0.2 ml of distilled water with the aid of a
Pasteur pipette, in the ampoule with the lyophilized yeast, in a sterile environment,
then was made a suspension of cells, leaving them rehydrate for about 10–15 min,
period after which the entire content was transferred of the ampoule to a test tube
containing 5.0 ml of liquid culture medium YMA—‘‘Yeast Malt-Extract’’ and
incubated at 28 �C.

4.4.3 Growth of Cells on Solid Medium

From the culture grown in the broth was carried out a pealing on Petri dish
containing the solid medium ‘‘Yeast-Malt Extract Agar’’ and incubated at 28 �C
for 48 h, after the growing the Petri dishes containing yeasts were stored in
refrigeration (2–8 �C).

4.4.4 Inoculum Preparation

Pealed cells of the CCT 3544 Candida guilliermondii on maintenance medium
were transferred under aseptic conditions, with the aid of a platinum loop to test
tubes containing about 5 ml of sterile distilled water. 1 mL aliquots of this sus-
pension were then transferred to 125 mL Erlemneyer flasks containing 50 mL of
semisynthetic culture medium, consisting of: (30 g/L of xylose, 2 g/L of ammo-
nium sulphate, 0.1 g/L calcium chloride and 20 g/L extract solution of rice bran).
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All solutions were prepared separately; solutions of xylose and extract of rice
bran were autoclaved at 111 �C for 15 min, whereas the stock solutions of
(NH4)2SO4 and (CaCl2)2H2O at 121 �C, for 20 min.

Then, the Erlenmeyer flasks were incubated in a rotary agitator of the ‘‘shaker’’
type, under the following conditions: 200 rpm stirring at 28 �C for 24 h and pH
5.5, after this period the cells were recovered or separated by centrifugation at
2,000 xg, washed with sterile distilled water, centrifuged again, and after dis-
carding of the supernatant were used to prepare a cell suspension of approximately
50 g/L.

4.4.5 Preparation of Cell Suspension

After washing with sterilized water and the centrifugation process, the supernatant
was discarded, and then were weighed 50 g and the mass diluted in 1 L of water,
and from this suspension was calculated the required volume to inoculate the
medium with an initial concentration of 3 g/L in the medium or 107 cells/mL in all
fermentations.

4.4.6 Fermentation Trials

The fermentation trials were conducted in 125 mL Erlenmeyer flasks containing
50 mL of fermentation medium, 3 g/L of inoculum and supplemented according to
the experimental delineation presented in Table 4. The flasks were kept in an
incubator of rotational movement under agitation of 200 rpm and temperature of
28 �C, by the time of 0–96 h performing the fermentation kinetics.

In Table 4 are the levels of the factors used in the planning in which (-1) and
(+1) denote the lowest and highest levels, respectively, and (0) means the level of
the central point.

Table 4 Levels in real and coded values for the investigated factors in the 24 factorial planning
with three replications at the center point

Variables (g/L) Levels

-1 0 +1

Ammonium sulphate (g/L) 1.0 2.0 3.0
Calcium chloride (g/L) 0.5 1.0 2.0
Rice bran (g/L) 5.0 12.5 20.0
pH 4 5 6
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4.5 Results and Discussion

4.5.1 The Kinetics of Fermentation for the Production of Xylitol

In Figs. 2, 3, 4, 5, 6 and 7 it is observed the kinetics of xylose consumption and the
obtainment of xylitol, by means of the Candida guilliermondii yeast under the
conditions of the 24 factorial planning with three replications at the central point in
function of time.

The C. guilliermondii yeast was able to metabolize xylose in all fermentations
performed. It has been observed in Figs. 2, 4 and 6, in which xylose was com-
pletely consumed between 72 and 96 h in the experiments (1, 7, 13 and 15).
Studying the production of xylitol in hemicellulosic hydrolysates by [54] has
observed a total consumption of xylose in 72 h of fermentation, both for the
supplemented hydrolysate as for the synthetic medium.

According to Figs. 2, 4, 5, 6 and 7, between 36 and 48 h of fermentation the xylose
consumption was slowly reduced by the yeast experiments (3, 8, 10, 12, 13 and 16
reaching an average of approximately 90 % probably due to the beginning of the
exhaustion of xylose). Bier et al. [55] observed, by studying the growth and xylose
consumption by Candida guilliermondii, a consumption of 90 % of xylose at 48 h of
fermentation.

It is also verified that the smaller value of the pentose assimilation was obtained in
experiments 3, 4, 7, 8 and 14 for the first 12 h of fermentation with xylose con-
sumption less than 35 % (Figs. 3, 4 and 6), due to the presence of glucose inhibiting
xylose metabolism. Fonseca and Faria [54] observed that the xylose consumption
speed in synthetic medium, which contained no D-glucose, was higher than in
hydrolysate and this fact justified by the presence of the hexoses in the fermentation
medium which inhibited the xylose metabolism by repression, inactivating the
transport system of xylose.

As for the xylitol obtainment (Figs. 2 and 8) it is noted that, initially, and for all
the studied experiments the xylitol formation was less than 3000.0 mg/L, the
maximum xylitol production was achieved in experiments 1, 2, 5 and 6 with
concentrations from 2403.51 to 2953.19 mg/L, and consumption from 98.03 to
99.91 % of the sugars present in the medium (Figs. 2 and 3). This difference can
be attributed to supplementation with rice bran extract, because it is a source of
nitrogen which allows improving the metabolism of the yeast. Moutta et al. [56]
observed this difference and attributed to the supplementation with yeast extract
when studying the bioethanol production in hydrolysates of sugarcane bagasse.

Fonseca and Faria [54] found that the highest values of xylitol concentration
were 40.5 g/L for synthetic medium and 37.7 g/L for the hydrolysate, after 72 h of
fermentation, unlike this work where the decline of xylitol concentration was
observed between the times of 48–72 h.

In Figs. 2, 4, 5 and 6 after 72 h offermentation of the experiments (3, 9, 11 and 15)
and 48 h of the experiment 13, the xylitol concentration in the fermentation medium
gradually decreased. This reduction in the xylitol concentration can be attributed to a
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Fig. 2 Kinetic profiles of fermentations of the xylose consumption and xylitol production by
using the yeast CCT 3544 C. guilliermondii, exp. 1–3
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Fig. 3 Kinetic profiles of fermentations of the xylose consumption and xylitol production by
using the yeast CCT 3544 C. guilliermondii, exp. 4–6
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Fig. 4 Kinetic profiles of fermentations of the xylose consumption and xylitol production by
using the yeast CCT 3544 C. guilliermondii, exp. 7–9
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Fig. 5 Kinetic profiles of fermentations of the xylose consumption and xylitol production by
using the yeast CCT 3544 C. guilliermondii, exp. 10–12
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Fig. 6 Kinetic profiles of fermentations of the xylose consumption and xylitol production by
using the yeast CCT 3544 C. guilliermondii, exp. 13–15
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probable consumption by the yeast, due to the lack of sugars in the fermentation
medium. Silva et al. [18] found, by researching the biotechnological production of
xylitol in sugarcane hydrolysates, a decrease in the concentration of xylitol after
72 h, indicating that the xylitol polyol may be assimilated by the C. guilliermondii,
thereby the reduction of the yield values of the xylitol production may be directly
associated to the xylitol consumption by the yeast.

Bier et al. [55] discarded the fermentation times over 72 h for the xylitol
production, since it observed that after this period the yeasts tended to consume the
produced xylitol, thus reducing the biomass.

It is observed in Fig. 8, the kinetics of the fermentation process for the
experiments 17, 18 and 19 corresponding to the central point, performed in trip-
licates in order to verify the reproducibility of the data. It was verified a similar
behavior as to the xylose consumption to the experiments 17 and 18 that after 36 h
showed a consumption of approximately 97 %, in other words practically all the
xylose was consumed, however, to the experiment 19 this consumption was slower
95 % due probably to the xylose exhaustion.

In relation to xylitol production it was observed a maximum peak from 48 h of
fermentation to the experiments 17 and 18, presenting a conversion percentage of
approximately 87 %, whereas for experiment 19 this peak occurred with 36 h, and an
average 88.5 %, after those periods it was found a decline in the xylitol production.
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Fig. 7 Kinetic profiles of fermentations of the xylose consumption and xylitol production by
using the yeast CCT 3544 C. guilliermondii, exp. 16
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Fig. 8 Kinetic profiles of fermentations of the xylose consumption and xylitol production by
using the yeast CCT 3544 C. guilliermondii, exp. 17–19
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4.5.2 Calculations of the Kinetic Parameters of Fermentation

Were calculated in this work, the kinetic parameters for all the experiments of the
24 experimental planning with three replications at the center point, and it was
found the influence of the input variables on the kinetic parameters.

In Table 5 are found the values of the fermentative parameters obtained during
the bioconversion of xylose to xylitol by CCT 3544 C. guilliermondii, using the
different cultivation conditions corresponding to the planning in question, in the
times of maximum xylitol production (tmaxX).

It can be seen in Table 5, the maximum xylitol values obtained in each exper-
iment and their respective kinetic parameters. The combination of independent
variable levels (conditions of culture medium) provided some variations in the
performance of the yeast CCT 3544 C. guilliermondii. It is found that the values of
xylitol ranged in the 19 experiments with peak concentrations from 2953.19 to
731.71 mg/L, volumetric productivity from 0.118 to 0.032 g/L h, conversion factor
of xylose–xylitol, 88.88–91.59 %, corresponding to a efficiency of conversion of
96.93–99.88 % were found in the experiments 6 and 16, respectively, in which
were employed the highest levels of ammonium sulphate (3.0 g/L), and rice bran
extract (20.0 g/L) in both experiments; lower levels of calcium chloride (0.5 g/L),
and pH (4.0) for the experiment 6 and higher levels of calcium chlorides (2.0 g/L),
and pH (6.0) for the experiment 16 at 12 h of fermentation.

Table 5 24 planning matrix and experimental results obtained during the bioconversion of
xylose to xylitol by CCT 3544 Candida guilliermondii

Experiments Xylitol (mg/L) YP/S (%) g (%) Y (%) Qp (g/Lh) tmaxX (h)

1 2754.66 90.709 98.920 99.916 0.108 12
2 2222.50 90.111 98.267 99.941 0.081 12
3 1433.37 86.823 94.682 100.00 0.028 36
4 743.90 80.025 87.268 98.235 0.018 24
5 2296.31 89.063 97.124 98.031 0.097 12
6 2953.19 88.882 96.927 99.708 0.118 12
7 1710.86 89.858 97.992 100.00 0.042 24
8 936.42 86.248 94.054 99.834 0.026 12/24
9 962.76 87.769 95.713 99.800 0.061 12
10 1114.96 85.047 92.744 99.050 0.082 12
11 1616.28 87.077 94.958 99.869 0.056 24
12 1436.13 86.018 93.804 97.984 0.045 12
13 976.99 89.323 97.408 99.965 0.047 12
14 772.93 89.012 97.069 100.00 0.022 24
15 1730.91 85.965 93.746 99.766 0.066 24
16 731.71 91.597 99.888 97.323 0.032 12
17 1313.99 91.292 99.556 100.00 0.056 12
18 1548.89 90.738 98.951 100.00 0.042 36
19 1566.90 89.775 97.900 99.977 0.057 24
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Canilha et al. [57] evaluated the wheat straw for biotechnological production of
xylitol and obtained maximum xylitol values (22.5 and 21.0 g/L), volumetric
productivity (0.31 and 0.29 g/L h) and conversion factor in xylitol (0.45 and
0.50 g/g), efficiency of conversion of 49.07 and 54.53 %, for lower levels of rice
bran (5.0 g/L) and the initial xylose concentration (60 g/L) and higher pH level
(6.0) at 72 h of fermentation.

Cândido [58] found, in study of hydrolysate of the barley straw for xylitol
production by C. guilliermondii, value of xylitol 49.68–18.15 g/L (trials 1 and 10)
volumetric productivity 0.69–0.25 g/L h for lower levels of rice bran (5.0 g/L) and
calcium chloride (0.0 g/L), lower level of ammonium sulphate (1.0 g/L) and initial
xylose concentration (60.0 g/L) for trial 1 and the higher levels of ammonium
sulphate (3 g/L) and initial xylose concentration (80 g/L) for trial 10, in 72 h of
fermentation.

5 Conclusions

The C. guilliermondii was able to consume xylose in all fermentations carried out
with greater xylitol production of 2953.19 mg/L in 12 h of fermentation.

The best culture conditions were 1 g/L of ammonium sulfate, 0.5 g/L of calcium
chloride, 5 g/L of rice bran and pH of 4, obtaining the volumetric productivity of
xylitol, factor, and efficiency of xylose conversion to xylitol of 0.108 g/L h, 90.70
and 98.99 %, respectively.
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