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Abstract

In the thin layer drying of chitosan, a diffusive model considering the material volume change was used, due to the occurrence of
shrinkage during the operation. The samples were placed in a rectangular tray with 4 mm of thickness, and inserted in the discontinuous
dryer, with parallel air flow at 60 �C of temperature and air speed of 1.5 m/s. The sample shrinkage occurred in the thickness, and the
linear shrinkage coefficient was constant. In the model, variable moisture effective diffusivity and equilibrium conditions at the material
surface were considered. The dimensionless second order non linear partial differential equation, resulting from the model, was solved
numerically by the finite differences technique. A good agreement between the numerical data of the average moisture content, obtained
by the model, and the experimental data was observed.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Chitosan is a commercially available material, whose
stability, chemical properties, and biocompatibility have
led to many industrial applications. These include pharma-
ceutical, biomedical and food material and waste water
treatment (Ayers & Hunt, 2001; Chen & Hwab, 1996).
The cationic characteristic of the chitosan offers an oppor-
tunity to take advantage of its electrostatic interaction
properties. Chitosan films are used in the separation of eth-
anol from water by evaporation, water purification and
controlled release of pharmaceuticals (Srinivasa, Ramesh,
Kumar, & Tharanathan, 2004). The drying operation is
important in chitosan production since this step shall guar-
antee that the necessary moisture content for the product
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storage be reached (6–8% w.b.) without causing alterations
in the material.

Study of drying in the food products processing has been
used more and more aiming at the production of the dehy-
drated foods of good characteristics (Ibanoglu & Maskan,
2002; Márquez, Michelis, & Giner, 2006; Ramesh, Wolf,
Tevini, & Jung, 2001; Teixeira & Tobinaga, 1998; Waana-
nen & Okos, 1996). The physical and transport properties
and the shrinkage of the material are also very important
parameters for the formulation and resolution of physi-
cal–mathematical models that explain the mass and heat
transfers along the drying operation (Fortes & Okos, 1980).

The theory of water migration by diffusion represented
by the Fick’s second law, expressed in terms of moisture
content gradient, is largely used when studying drying of
different food products, for presenting a good agreement
between experimental and predicted values (Chirife, 1983).

The moisture effective diffusivity is an important trans-
port property in food drying processes modeling, being a
function of temperature and material moisture content.
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Notation

A drying area (m2)
DS

EF moisture effective diffusivity of the solid
(m2/s)

DV
EF volumetric moisture effective diffusivity

(m2/s)
Fo number of Fourier (dimensionless)
L sample thickness (m)
LS sample thickness of the dry solid (m)
mss dry solid mass (kgdS)
t time (s)
X local moisture content of the sample (d.b.)

(kgH2O/kgdS)
X* dimensionless local moisture content of the

sample (d.b.) (dimensionless)
�X average moisture content of the sample (d.b.)

(kgH2O/kgdS)

XC critical moisture content of the sample (d.b.)
(kgH2O/kgdS)

XE equilibrium moisture content of the sample
(d.b.) (kgH2O/kgdS)

XTRANS transition moisture content of the sample (d.b.)
(kgH2O/kgdS)

Y dimensionless free moisture content (dimension-
less)

Greek letters
a linear shrinkage coefficient (kgdS/kgH2O)
a* dimensionless linear shrinkage coefficient

(dimensionless)
qds density of the dry solid (g/cm3)
n space coordinate (m)
n* dimensionless space coordinate (dimensionless)
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However, due to the complex food composition and phys-
ical structure, accurate estimates of this property are diffi-
cult to obtain, thus leading to the need of experimental
measurements, as reported by Vagenas and Karathanos
(1993). According to these authors, when the parameter
is considered to vary, it is calculated through the applica-
tion of the slopes method.

For materials that present shrinkage, the use of Fick’s
second law solutions is not possible as integration domain
is not constant. A model equation considering material
shrinkage, for the local moisture content profile, was used
by Kechaou and Roques (1989) and Bonazzi et al. (1997).
The authors used this model in the study of the gel slabs
drying, with 2.0 mm and 1.2 cm of thickness, respectively,
determining the local profile of moisture content in func-
tion of the thickness, which was variable with time.

Viollaz and Suarez (1991) and Pinto and Tobinaga
(1994) presented a diffusive model including shrinkage in
the dimensionless form, considering the volumetric effective
diffusivity constant and equilibrium at the material surface
(Eq. (1)).

oX �

oFo

� �
¼ o

on�
1

1þ a�X �ð Þ2
oX �

on�

 !
ð1Þ

Viollaz and Suarez (1991) used this procedure in the
potato drying, while Pinto and Tobinaga (1994) used this
model for the study of fish muscle drying.

Volume variation of food during drying is analyzed
through the coefficient of linear shrinkage (a), that is
related to the material thickness, similar to the equation
of thermal expansion determination, as described in Pinto
and Tobinaga (2006). The authors determined the linear
shrinkage coefficient for fish muscle, which was practically
constant during the constant rate period and the first phase
of the falling rate of drying.
The aim of this work was to study the thin layer drying
modeling of purified chitosan, in paste form, considering
shrinkage along the process and to determine the physical
and transport properties of this material.
2. Material and methods

The raw material used was purified chitosan obtained
from shrimp residuals, in the Laboratory of Unit Opera-
tions/DQ/FURG.

Raw material characterization of moisture content and
Nitrogen-total was performed according to analytical
methods of AOAC (1995). The factor of correction of the
analysis of Nitrogen-total for chitosan, (N-chitosan) was
an 11.5 value. This factor is the relationship of present
nitrogen in the chitin monomer.

Drying of chitosan was performed in thin layer, using a
discontinuous tray dryer, having the tray a rectangular
form (12 cm of width and 14 cm of length) with thickness
of 4 mm. Air drying conditions were: temperature of
60 �C and air velocity of 1.5 m/s. Two replicates were run
to verify the reproducibility of the results.

The determining of the sample mass was done through
an electronic scale adapted to the drier with 0.01 g preci-
sion. Dry bulb temperatures before and after the tray and
the wet bulb temperature at the dryer exit were measured
by (copper–constantan) thermocouples, with precision of
1.0 �C. Air velocity was measured by an anemometer of
0.1 m/s of accuracy.

Measurements of mass and temperature were taken
every 5 min, during the drying experiments. The samples
were dried until constant weight, to obtain the dynamic
equilibrium moisture content. Sample thickness was veri-
fied every 30 min, with the use of a digital caliper (MITU-
TOYO, model CD-6 CS).
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Fig. 1. Drying curve of the dimensionless moisture content as a function
of time.
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Drying curves of dimensionless moisture content in func-
tion of the time and the drying rate in function of the
material moisture content were used for the determination
of the constant and the falling rate periods of the drying.

A linear fit for the thickness variation with moisture
content was performed, according to Eq. (2), to calculate
the linear shrinkage coefficient.

L ¼ LS 1þ aXð Þ ð2Þ
Moisture effective diffusivity values evaluated through

slopes method (Eq. (3)), were adjusted as a function of
the moisture, so that it could be used in the model.

DEFF ¼
ðdY =dtÞexp

ðdY =dF oÞTeo

� �
L2 ð3Þ

where, (dY/dt)exp is calculated from the plot of dimension-
less free moisture content in function of time, obtained
from drying experimental data, and (dY/dFo)Teo from the
theoretical curve of the diffusion of moisture content, pre-
sented by Keey (1972).

A procedure suggested by Crank (1975) was used to
analyze the shrinkage phenomenon during drying of puri-
fied chitosan. The continuity equation given by Eq. (4) is
used for rectangular geometry, infinite slab, quasi-isother-
mal process, unidirectional transport and density of the
sample during drying independent of the position.

oX
ot
¼ o

on
DS

EFF

oX
on

� �
ð4Þ

where n is considered along the diffusion path, and mea-
sured from the initial position of the sample, so that an
increment of n includes an equal increment in the amount
of dry solid, and as this remains constant, the integration
domain is constant.

As the shrinkage was only considered in the normal
direction, the effective diffusivity based on the dry solid mass
can be written in function of the volumetric effective diffu-
sivity, in the form of Eq. (5), according to Crank (1975):

DS
EFF ¼ DV

EFF

qb

qdsð1þ X Þ

� �2

ð5Þ

Considering shrinkage only in the thickness, the defini-
tion of L and LS is presented by Eqs. (6) and (7):

L ¼ mds 1þ Xð Þ
Aqb

ð6Þ

Ls ¼
mds

Aqds

ð7Þ

Substituting Eqs. (6) and (7) in Eq. (2), then Eq. (5) can
also be written in the form of Eq. (8).

DS
EF ¼ DV

EF

1

ð1þ aX Þ

� �2

ð8Þ

Substituting Eq. (8) into Eq. (4), in the dimensionless
form, according to Pinto and Tobinaga (2006), Eq. (9),
used for the falling rate period of the drying, was obtained.
oX �

ot=L2
S

¼ o

on�
DV

EF X �ð Þ
ð1þ aX Þ2

oX �

on�

" #
ð9Þ

With the following initial and boundary conditions, con-
sidering equilibrium at the surface.

initial : t ¼ 0 0 < n < 1:0) X � ¼ 1:0

boundary : n� ¼ 0; t > 0) oX �

on�

� �
¼ 0

n� ¼ 1:0; t > 0) X � ¼ X E

X C

: n� ¼ 1;

t > 0) X � ¼ X E

X C

The average moisture content is given by Eq. (10).

�X �ðtÞ ¼
Z 1:0

0

X �dn� ð10Þ

where the dimensionless variables X*, n* and a* are defined
in Eqs. (11)–(13):

X � ¼ ðX=X CÞ ð11Þ
n� ¼ ðn=LðSÞÞ ð12Þ
a� ¼ aX C ð13Þ

The technique of finite differences and fourth order
Runge–Kutta method with variable step were used, for
local profile moisture content determination, and the Simp-
son’s method was used to obtain the average moisture con-
tent profile.

3. Results and discussion

Raw material results of characterization of purified
chitosan were N-chitosan equal to 9.1 ± 1.0%.

Chitosan initial moisture content used for the drying
experiments was of 8.8 ± 0.2 (dry basis). Dimensionless
moisture content as a function of time and drying rate as
a function of the moisture content (Figs. 1 and 2),
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Fig. 2. Drying rate curve in function of the average moisture content.
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Fig. 4. Thickness of the samples in function of the moisture content.
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respectively, show two different drying periods: the con-
stant and falling rate periods.

The last point fitting the horizontal line in Fig. 2 corre-
sponds to the critical moisture content (XC), of 5.0 ± 0.5
(d.b.).

The falling rate period can be divided in two phases, the
first and second falling rate periods, as can be seen in
Fig. 3. The transition moisture content is where phase
changes happen, it has XTRANS = 0.10 (d.b.). Equilibrium
moisture content (XE=0.04 d.b.) was reached when the
mass remained constant.

Experimental data of the thickness as a function of the
moisture content (d.b.) were fitted by Eq. (2), where LS

was 0.00173 m. The data can be observed in Fig. 4. The
equation used presented a correlation of 99.76%, and the
obtained value of a was of 1.57. The linear shrinkage coef-
ficient obtained in this work was very close to the one
obtained by Viollaz and Suarez (1991), equal to 1.55, for
the potato slabs.

The volumetric effective diffusivity was correlated with
the dimensionless material moisture content, for the falling
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Fig. 3. Drying curve of the dimensionless moisture content as a function
of time, in semi-log scale.
rate period, through a linear-exponential equation (Eq.
(14)).

DV
EF X �ð Þ ¼ D0 þ aX � exp bX �ð Þ ð14Þ

where D0 is the effective diffusivity of the dry solid (m2/s),
‘‘a” is adjust parameter (m2/s) and ‘‘b” is adjust parameter
(dimensionless).

A good fit was reached, with a correlation coefficient of
0.996, obtained by non linear regression method, as pre-
sented in Fig. 5, and the values of the parameters are pre-
sented in Eq. (15).

DV
EF X �ð Þ ¼ 1:26� 10�11 þ 1:52� 10�8X � exp �4:93X �ð Þ

ð15Þ
Fig. 6 presents the results of the solution of the diffusive

model considering linear shrinkage, with variable volumet-
ric effective diffusivity (Eq. (9)) given as the local profile of
the dimensionless moisture content of the material, during
the falling rate period, for different drying times.

The diffusive model considering linear shrinkage (Eq.
(9)) represents well the mechanism of water migration of
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Fig. 5. Volumetric effective diffusivity as a function of the dimensionless
moisture content.



Fig. 6. Profile of local dimensionless moisture content of the material, for
the falling rate period.
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Fig. 7. Average moisture profile of the material, for the falling rate
periods of drying; experimental data and the presented models.
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the purified chitosan, in the falling rate period, as a good
agreement with the experimental data (Fig. 7) was
obtained. The solution of the diffusive model considering
shrinkage with volumetric effective diffusivity as a function
of the moisture content presented a better agreement with
the experimental data than the diffusive model considering
this transport parameter constant (Eq. (1)), as presented in
Fig. 7.

4. Conclusion

The drying occurred during the constant rate period and
mainly in the first phase of the falling rate period. It was
observed that the transition moisture was close to the com-
mercial moisture content of the chitosan. Thus, the second
falling rate phase was neglected. A significant shrinkage
took place in material thickness along the drying opera-
tion, presenting a linear behavior with material moisture
content.
The diffusive model, considering shrinkage, presented a
good agreement to the experimental data. The model con-
sidering the variable volumetric effective diffusivity pre-
sented better agreement with the average profile of the
experimental data, when compared with the same model
considering this parameter constant.
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