Advances in Chemical Engineering and Science, 2014, 4, 7-16
Published Online January 2014 (http://www.scirp.org/journal/aces)
http://dx.doi.org/10.4236/aces.2014.41002

On the Influence of Particles Characteristics on Moisture
Diffusivity during Drying of Granular Porous Media
José Teixeira Freire*, Fábio Bentes Freire, Hugo Perazzini
Department of Chemical Engineering, Federal University of São Carlos, São Carlos, Brazil
Email: *freire@ufscar.br, bentes@ufscar.br, hperazzini@gmail.com
Received November 14, 2013; revised December 14, 2013; accepted December 21, 2013
Copyright © 2014 José Teixeira Freire et al. This is an open access article distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. In
accordance of the Creative Commons Attribution License all Copyrights © 2014 are reserved for SCIRP and the owner of the intellectual property José Teixeira Freire et al. All Copyright © 2014 are guarded by law and by SCIRP as a guardian.

ABSTRACT
The objective of this work was to study the diffusive mechanisms of mass transfer predominant in the drying of
cylindrical unconsolidated granular porous media of different diameters of porous spherical particles. The experimental study was based on determining the drying kinetics of the porous media evaluated and on obtaining the
physical properties regarding the particles that constitute them. Moisture data as a function of time were obtained by subjecting the porous media to an upward single-phase flow of heated air at a specific condition of
temperature, velocity and absolute humidity of the drying air. The theoretical study regarded the determination
of the overall effective diffusion coefficient based on mass transfer foundations. From the results obtained, it was
verified that the drying kinetics, for a given operational condition applied, is influenced by particle diameter, and
the effective superficial liquid diffusivity is the mechanism that limits the drying process.
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1. Introduction
The use of dry air from adsorption processes is a very
frequent activity in numerous industrial operations. Especially for drying processes, this may be a very interesting practice, since the operational conditions of the air
influence the drying kinetics significantly [1]. An appropriate use of these conditions favors the reduction of the
total process time and operational costs, promotes an
increase in drying capacity, and provides a better control
of the operational variables of entry and a final product
of better characteristics. The water vapor contained in the
moist ambient air is usually removed when air percolates
the adsorption columns which are coupled to the fluid
feeding system of the dryer. The columns are made up of
particles of desiccant inorganic compounds with high
porosity and surface area. Air humidity is then removed
by means of physical attraction of water molecules to the
adsorbent surface of particles and a balance between water and air is established. When the available pores are
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filled with water, moisture is removed by capillary condensation when the pressure of the saturated vapor is
reduced due to surface tension effects [1]. Once partially
saturated with moisture, the adsorption columns must be
thermally regenerated upon drying so that they can be
used again in the desorption process of moist air.
The drying of an adsorption column can be performed
by subjecting it to an upward single-phase flow of heated
air. Under this condition, air percolates the interconnected voids of the column; however, the voids that do
not share a connection impose resistance to the fluid flow
and cause changes in its trajectory and a continuous variation of permeability throughout the adsorptive column,
which characterizes the system as a porous medium. In
the drying of three-phase porous media (air, water and
solid), moisture may diffuse in the form of liquid and
vapor in the final stages of the process, where different
diffusive mechanisms, mainly, may be present and influence the way that moisture is removed from the porous medium. It is known that drying kinetics of a single
particle is dependent on its diameter and other characteACES
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ristics [2], and it also involves not only diffusive mechanisms, but also a complex interaction between diffusive and capillary phenomena. The adequate knowledge
of the mass transfer phenomenon and, above all, the
identification of the predominant drying mechanism are
especially important for the drying of porous media. The
objective of this work is included in this context. The
drying of porous media consisting of different diameters
of activated alumina particles was experimentally studied
by obtaining moisture data as a function of time for a
specific operational condition. From the experimental results obtained, the main mechanisms of moisture transfer
present in drying were determined and, finally, the predominant mass transfer mechanism was identified.

2. Drying Kinetics
The drying experiments were performed with three different porous media, which were of cylindrical geometry,
unconsolidated and with dimensions of 1 cm in height
and 10 cm in diameter. The difference between the media
lies in the fact that each was artificially prepared with
activated alumina particles (F-200 type, Alcoa), which
were moist and had particular dimensions with the purpose of giving the porous media different physical properties and distinct characteristics regarding heat and mass
transfer. According to the XRD diffractograms for each
particle diameter used (Figure 1), the activated alumina
particles are inorganic compounds formed by Bayerite
(Al2O3·3H2O) and Bohemite (AlO (OH)), mainly. The
X-ray diffraction patterns were obtained by the powder
method on a Rigaku (Multiflex) diffractometer with Cu
tube and Ni filter. The experiments were performed with
CuKα radiation (λ = 0.1542 nm). The speed of the goniometer was used at 2˚ 2 θ·min−1, step 0.02˚ and a var ying angle in the range from 5˚ to 80˚ (2θ). It is possible to
note in Figure 1 that the patterns at 2θ of 20˚ and

40˚ of the three curves are different. Considering that the
diffraction pattern of a crystalline material is a function
of its crystal structure, this fact can be attributed to the
granulation process of the alumina powder, once the material came from the same batch. If temperature is required to stabilize the alumina pellets in an industrial
process, this can promote better crystallization.
The alumina particles were subjected to a water column of 80 cm of height for a period of 24 h to ensure the
maximum moisture saturation possible of the porous medium at the beginning of the drying process. Water, under pressure, percolates the available pores of the particle
expelling the air contained in the interstices. The porous
media were subjected to an upward single-phase flow of
heated air and their mass was measured at pre-established time intervals with a semi-analytical scale. This
procedure was repeated until significant mass variation
was no longer found. The dry mass was obtained by
keeping the particles, which made up the medium, in an
oven with air circulation at 105˚C ± 3˚C for 24 hours.
Figure 2 shows the moisture data as a function of time
for the porous media consisting of different particle diameters. Drying was performed at the temperature of
40˚C and with maximum velocity of the air current used
in the experiments (3.5 m/s). This condition was applied
in order for the mass transfer coefficient between the air
and the surface of the porous medium to be sufficiently
large so that only the diffusive mechanisms would be
analyzed, without compromising the results. Nevertheless, with the obtaining of the drying rate as a function of
moisture content of the medium, it was proven that the
period of constant rate still existed, even if for a short
period of time. Therefore, Figure 2 shows the data of
moisture as a function of time for t > 4 min, when the
period of decreasing drying rate starts. At t = 5 min,
moisture corresponds to the critical moisture content.

Figure 1. XRD diffractograms of alumina particles.
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Figure 2. Drying kinetics of porous media consisting of different particle diameters.

It can be verified from the data presented in Figure 2
that, for the same operational condition employed, the
drying kinetics of porous media of equivalent geometry
is different and is dependent on the particle diameter
used in the preparation of the porous media. It is clear
that each porous medium studied imposes resistance to
moisture transfer from their interstices to their surface. It
is intuitive to think, in a first analysis, that there is a difference among curves of drying kinetics for the porous
media consisting of different alumina particle diameters.
Resistance to moisture diffusivity is greater for particles
of larger diameters. Thus, the vapor flow on the surface
of the particle is lower, once flow becomes independent
of the surface area during the drying stage in which diffusive mechanisms limit the process. It is worth highlighting that this area has low moisture concentration
due to the resistance imposed to moisture diffusion (liquid and vapor) by the structure of the material during the
period at falling drying rate. The motivation to investigate the results shown in Figure 3, however, is to establish the mechanism which caused the influence on the
drying curves. This information is also important when
performing simulation of the experimental data mainly
with pseudo-homogeneous models. A characterization of
the particulate matter was performed in order to obtain
information on those issues and the results were used to
obtain mass parameters.

3. Characterization of Particulate System
Since the particles that constitute the porous media sigOPEN ACCESS

nificantly influence their drying kinetics, it is important
to obtain qualitative and quantitative information on the
physical characteristics of the particles. The objective is
to understand the reason for the existence of such influence in the data presented in Figure 2. Thus, the alumina
particles were characterized according to their dimensions, morphology, sphericity, specific mass, porosity
and pore size distribution. Preliminarily, Figure 3 shows
the nitrogen adsorption and desorption isotherms.
The isotherms were acquired using the BET method.
The presence of hysteresis can be observed in the dimensionless pressure range between 0.5 and 0.95, which
suggests that the quantity of N2 to be desorbed is greater
in this range. According to Keey [3], this is related to
capillary condensation in mesopores. The way the particle adsorbs and desorbs nitrogen, as shown in Figure 3,
is characteristic of mesoporous and macroporous solids.
Therefore, alumina particles may have two families of
pores, one with pore diameter from 2 to 50 nm, and
another with pore diameter greater than 50 nm [3]. Thus,
pore size distribution is necessary to identify the predominant pore size of particles, since it is an important
property for the study of the porous structure and to identify the mass transfer mechanism, once it is closely related to the total area of the solid matrix. As an example,
Figure 4 shows the pore size distribution of the particle
of 4 mm in diameter from nitrogen adsorption studies.
It can be observed from the data in Figure 4 that the
macropore family is non-existent, since distribution is
between the pores of 1.89 and 44.18 nm. This result was
ACES
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Figure 3. N2 sorption isotherms for particle diameter of 2.80 mm.

Figure 4. Pore size distribution for particle diameter of 4 mm.

also verified for the other types of particle diameter studied. On the basis of the distribution curve, a greater
quantity of pores with diameters between 2.6 and 5 nm
can be verified, followed by an intermediate quantity
with diameters between 15 to 25 nm. Some pores present
in the alumina particles in lower quantities, however,
have diameters larger than 25 nm and a little portion of
pores have diameters smaller than 2 nm, belonging to the
micropore class, Keey [3]. Figure 5 shows an image of
the surface of the alumina particle (3.35 mm in diameter)
enlarged 10,000 times. In the image obtained by ScanOPEN ACCESS

ning Electron Microscopy (SEM), it can be observed that
the surface is rough and that there is presence of pores,
which correspond to the darker points in the image. SEM
was performed in a microscopic FEI Inspect S 50.
Table 1 contains the values of average diameter and
pore volume for each particle diameter studied, as well as
surface area values. It is possible to see that particles
have a large surface area and that most of the existing
pores belong to the mesopore family. Alumina particles
were also characterized according to their shape and dimensions. Table 2 shows the main properties obtained
ACES
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Figure 5. SEM of the alumina particle diameter of 3.35 mm.
Table 1. Structural characterization of the alumina particles.
2

3

Dp [mm]

As [m /g]

vp [cm /g]

dp [nm]

2.80

330.13

0.41

5.04

3.35

294.81

0.40

5.43

4.00

279.97

0.43

5.95

Table 2. Characterization of the size and shape of the alumina particles.
Dp [mm]

Ap [mm2]

Г [mm]

Df [mm]

ϕ [-]

2.80

4.94

2.47

7.95

0.98

3.35

6.06

2.83

8.73

0.99

4.00

7.04

3.06

9.44

0.98

with the aid of the Image Pro Plus® software. Images
obtained with a microscope were previously scanned and
acquired by an image acquiring system. From the data
presented, it is possible to highlight the high sphericity of
particles (ϕ > 90%) and the increase in area, perimeter
and Feret diameter, as particle diameter, as expected.
Table 3 shows the data for specific mass and porosity.
Apparent specific mass was obtained using a liquid pycnometer and hexane as solvent, and a gas pycnometer
and helium were used to obtain the real specific mass of
the particle. Porosity was acquired from the specific mass
OPEN ACCESS

Table 3. Physical properties of the alumina particles.
Dp [mm]

ρap [kg/m3]

ρr [kg/m3]

ε [%]

2.80

1544

2480

38.0

3.35

1510

2467

38.7

4.00

1478

2409

38.9

data. It can be seen that particle porosity is high and
reinforces the hysteresis effect on the sorption isotherm.
From the characterization data presented, it can be verified that each particle diameter presents distinct physical
properties, which probably influenced the diffusive and
mass transfer mechanisms and, consequently, the drying
kinetics curves presented in Figure 2. Nonetheless, in
order to better discuss the results presented, it is necessary to identify the relationship between particle characteristics and the diffusive phenomena.

4. Diffusivity Estimation
The literature generally treats ordinary liquid diffusion as
the predominant mechanism in the drying of porous media. However, liquid evaporation may also occur in the
interstices of the solid matrix, causing the vapor concentration gradients to be established during moisture diffusion. According to Keey [3], evaporation plays an important role in the drying process and moisture can migrate from inside the solid to its surface both in the vapor
ACES
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phase and in the liquid phase and mechanisms may include diffusion in each phase. According to Chen [4],
only liquid diffusion is not enough to accurately describe
the drying process, once, at a certain stage of the process,
a vapor concentration profile can be established through
the porous medium. Considering a one-dimensional Cartesian coordinate system, and an isothermal process, the
partial differential equations which take into account
spatial distribution of moisture content (vapor and liquid)
in transient regime are:
∂Cv ( z , t ) ∂  ∂Cv ( z , t ) 
(1)
=  Dv

∂t
∂z 
∂z

∂Cl ( z , t ) ∂  ∂Cl ( z , t ) 
(2)
=  Dl

∂t
∂z 
∂z 
Traditionally, both phenomena (liquid and vapor diffusion) are encompassed into a single parameter, effective diffusivity, to account for the influence of vapor diffusion on moisture transfer. Chen [4] states that this parameter is a complex interaction between the variables
involved in the drying process, such as temperature,
moisture and pressure. Once it is imposed that vapor and
liquid diffusion are the predominant phenomenon in
drying at falling rate, different diffusive mechanisms can
be present in the drying of alumina porous media, both
associated with the respective transport of liquid or vapor.
The diffusion mechanisms that can be present in the liquid transport are ordinary liquid diffusion and superficial
diffusion. When it comes to moisture transport in the
vapor phase, diffusion and effusion (Knudsen diffusion)
can establish during the period of drying at decreasing
rate.
Initially, it is possible to identify at which stage moisture is spread in the interstices of the porous medium
from data of particle distribution in the pores. According
to Kelvin’s Law [3], the effect of particle pore size on
water activity can be considered negligible for pores with
diameter larger than 10 nm. From the nature of the pore
distribution obtained (Figure 4), it can be verified that
capillarity is possibly one of the mechanisms that control
internal transfer of moisture, since the alumina particle
presents pores with diameter smaller than 10 nm and an
average pore size of 5.95 nm (Table 1). Once capillary
effects have influence on moisture transfer, ordinary liquid diffusion is fundamentally associated with these effects. The movement of liquid within the solid matrix
occurs due to the difference in relative attraction between
liquid molecules and liquid-solid molecules. Mathematically, the capillary phenomenon is modeled for a Cartesian coordinate system and one-dimensional problem
according to the equation:
∂S ( z , t ) ∂  ∂S ( z , t ) 
(3)
= Ks

∂t
∂z 
∂z 
OPEN ACCESS

A relationship between moisture permeability (Ks) and
liquid diffusion can be made, according to Keey [3]:
∂X
(4)
K s = Dl
∂S
Hence, ordinary liquid diffusion is associated with the
capillary effects which control liquid diffusion from the
interstices of the porous medium to its surface, where a
vapor flow is established. Then, liquid diffusion is
treated as an effective parameter because the characteristics of the porous solid influence the solid-liquid interactions, and it is estimated from the Arrhenius equation:
 E
=
Deff ,l D0 exp  − a
 RTg






(5)

Besides ordinary liquid diffusion, another mechanism
that may control moisture diffusion in the liquid phase is
superficial diffusivity. This mechanism, as well as ordinary diffusivity, occurs due to concentration gradient of
liquid and is also estimated with the Arrhenius Equation
[5].
Ordinary vapor diffusion, on the other hand, is estimated with Equation (6), the most common equation
used to treat moisture transfer in porous media [4]. Vapor
diffusion is also treated as an effective parameter once
the vapor faces various pore sizes when it spreads
through the solid matrix. Tortuosity τ is a parameter of
difficult experimental determination. Nonetheless, it can
be estimated based on the capillary model theory [6]. For
the alumina particles used, the average tortuosity value
calculated was of 2.25, which is within the ideal range of
values (2 - 20) for this parameter, as suggested by
McCabe, Smith and Harriott [7]. The value of the constricivity factor was equal to the unit.
ε
ε
(6)
Deff , A = D0, A ≈ Deff ,v = δ Dv ,0
τ
τ
The diffusion of water vapor in the drying air (Dv,0)
can be known by means of analytical expressions available in the literature. Among a series of equations tested,
the one that provides a value consistent with the literature
is that proposed by Putrano and Chen [8]:
Dv ,0 = 2.09 × 10−5 + 2.137 × 10−7 (Tg − 273)

(7)

When the particle pore size is smaller than the mean
free path of the water vapor molecules, Knudsen diffusion occurs during the drying process. According to Baini and Langrish [9], effusion occurs for materials with
pore diameter between 2 and 50 nm, which covers most
of the pore diameters found. Knudsen diffusion, also
treated as an effective parameter, is a function of the
physical characteristics of particles, that is:
Deff , k =

8 RTg δε
3π PM w τ

dp

(8)
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It is, therefore, appropriate to define a new effective
parameter that encompasses all diffusive mechanisms
presented. Thus, the parameter to be estimated for the
drying of porous media is the overall effective diffusivity,
which is obtained from the harmonic mean of all diffusive mechanisms:

1
Deff ,G

=

1
Deff , k

+

1

+

Deff ,v

1
1
+
Deff ,l Deff , s

(9)

The diffusive model is then mathematically described
according to the Equation:
∂X ( z , t )
∂t

=

∂X ( z , t ) 
∂ 
 Deff ,G

∂z 
∂z 

(10)

Equation (10) is subjected to the following initial condition (for t = 0 and 0 ≤ z ≤ L):
C.I : X ( z , 0 ) = X 0

(11)

A boundary condition traditionally applied is the one
that considers the bottom surface of the medium to be
impermeable and moisture flow to be continuous in this
region, that is (t > 0):
C.C.1:

∂X ( z , t )
∂z

=0

(12)

z =0

Assuming that the top surface of the porous medium
instantly reaches equilibrium with the gas phase, the following is reached (t > 0):
C.C.2 : X ( z , t ) z = L = X eq

(13)

From the discussions presented and based on the characterization results, there are preliminary indications
that both vapor diffusion and liquid diffusion, caused by
different mechanisms, are present in the drying of the
porous media evaluated. It is necessary to know the activation energy in order to identify which are the predominant mechanisms for liquid diffusion, for example.
Low values of this parameter (13 - 25 kJ/mol) show that
superficial liquid diffusion is the limiting mechanism [9].
Still according to the same authors [9], the Knudsen
number (Kn) can be obtained to identify if effusion is the
limiting mechanism of the process. The Knudsen number
is defined by Equation (14).
2µ g

Kn =

ρg

8 RTg

π PM w

5. Vapor diffusion and effusion were calculated with
Equations (6) and (8), respectively, and liquid effusion
was calculated with the Arrhenius relationship, whose
parameters (Ea and D0) were estimated in computational
routines developed in Matlab code following the least
square criterion. Equation (6) was incorporated into the
diffusive model (Equation (10)) in order to estimate the
parameter of the Arrhenius correlation. The analytical
solution for the model was used [10] considering the
2000 first terms of the series. The analytical solution was
obtained using the boundary and initial conditions presented in Equations (11) to (13).
From the data presented in Table 4, it can be seen that
particle diameter does not significantly influence the vapor effective diffusion. The reason for these results to
have been reached is that alumina particles do not present
structural differences among each other. This is proven
by the characterization studies performed. It was observed that the data which provide structural characterization of the particle show close results, such as those
presented in Table 3. Tortuosity values also had little
variation regarding particle diameter. The greatest difference observed was of 0.0056. Therefore, once ordinary vapor diffusion is dependent on the internal structure of particles and these presented similar characteristics for the diameter assessed, it can be inferred that the
way moisture spreads inside the porous matrix is the
same for both cases analyzed. The proximity of the values found for ordinary vapor diffusivity associated with
the fact that this phenomenon presented more significant
values when compared to the other mechanisms, suggests
that this is not the mechanism that limits the drying of
porous media. This means that effective ordinary vapor
diffusion did not have major influence on the difference
among the drying kinetic curves presented in Figure 2.
Influence of particle diameter was more significant in
the vapor effusion phenomenon. This suggests that
Table 4. Diffusion, effusion and Knudsen number.
Dp [mm]
2.80

Deff,v [m2/s]

Deff,k [m2/s]

−6

−7

4.96 × 10

−6

3.35

5.04 × 10

4.00

5.06 × 10−6

1.71 × 10
1.88 × 10

−7

2.06 × 10−7

Kn [-]
0.11
0.10
0.09

(14)
dp

5. Determination of the Preponderant
Moisture Transfer Mechanism
The results of the estimation of effective diffusivity for
the mass transfer mechanisms are shown in Tables 4 and
OPEN ACCESS
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Table 5. Liquid diffusion and ordinary parameters of Arrhenius equation.
Dp [mm]

Deff,l [m2/s]

D0 [m2/s]

Ea [kJ/mol]

2.80

1.88 × 10−8

8.77 × 10−7

10.01

3.35

1.70 × 10−8

7.90 × 10−7

9.99

−8

−7

4.00

1.54 × 10

7.15 × 10

9.99
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moisture, when spreading in the interstices of the porous
matrix as vapor, may encounter a certain internal structure that influences the collision of water vapor molecules with the pore walls. For the particles of 4 mm in
diameter, for instance, in which the pores are less narrow,
collisions of water vapor particles with the wall are less
intense, and resistance to vapor transfer is lower, when
compared to the results for the particle of smallest diameter (Dp = 2.80 mm). Consequently, higher values of
diffusivity appear, even when considering that all molecules travel at the same velocity. By comparing the results obtained for vapor diffusion and effusion, it can be
observed that effusion, when it comes to moisture movement in the vapor phase inside the porous matrix, is the
limiting mechanism, once it presented the lowest values.
On the other hand, with a fast look at the data shown in
Figure 2, it is possible to verify that moisture evaporates
more quickly for porous media consisting of the smallest
particle diameters. This contradicts the results presented
in Figure 4, which show that vapor effusion is higher for
particles of larger diameters. Even if Knudsen diffusion
is present in the drying of porous media consisting of
alumina spheres, according to the results of particle pore
distribution and to the literature [9], it may not yet be the
limiting mass transfer mechanism in the drying process.
This analysis is reinforced by the low values obtained
for the Knudsen number. From the results shown in Table 4, it can be seen that the values of Kn are smaller than
the unit for all presented cases. This indicates that Knudsen diffusion is not a significant mechanism (even
though it is present in the drying process), but that
another diffusive mechanism limits the migration of
moisture inside the porous matrix: liquid diffusion. This
fact is even better proven when all obtained values of
effective diffusivity are compared. It can be observed
that effective liquid diffusion (ordinary or superficial)
presented the lowest values among all moisture diffusion
mechanisms. This is information that reinforces the fact
that the drying process at decreasing drying rate is controlled by liquid diffusion. At this point, it is necessary to
know which liquid diffusion mechanism limits the
process and is, thus, responsible for favoring different
moisture curves as a function of time as presented in
Figure 2.
From the data presented in Table 5, it can be verified
that particle diameter has an influence on how the liquid
is spread throughout the porous matrix. Resistance to
liquid diffusion is greater for the particle with larger diameter, which indicates that diffusion is inversely proportional to the resistance imposed by the medium. This
not only agrees with the literature [11], but also with the
experimental results presented in Figure 2. It can be observed that the movement of liquid in the pores is greater
for smaller particle diameters by interpreting the paraOPEN ACCESS

meter D0 as the liquid mobility through the interstices of
the solid matrix. Therefore, for porous media consisting
of particles of smaller diameters, the resistance imposed
to the liquid by the structure of the medium itself is lower
and moisture replacement on the surface happens more
rapidly, which favors a greater vapor flow in this region.
Particle diameter did not significantly influence the
activation energy, possibly because this parameter is
mainly associated with the influence of operational conditions, as shown by Perazzini, Freire and Freire [12].
Under the same operational conditions, as presented in
Table 5, the energy required to remove 1 mol of pure
water present in the material is similar for all media studied. It is also possible to observe that the estimated values of activation energy are lower than 13 kJ/mol, as
described by Baini and Langrish [9]. The low activation
energy values indicate that superficial diffusion of the
liquid molecules throughout the surface of the capillaries
is the limiting mass transfer mechanism in the drying
process. In this case, the liquid molecules strongly interact with the walls of the pores moving along them during the drying process. Interaction of molecules with the
wall is due to the fact that the mean free path of molecules is larger than the diameter of the pores [5]. When it
comes to the drying of media consisting of alumina particles, this interaction is even greater for the superficial
diffusion than for superficial effusion. According to Baini and Langrish [9], what actually proves superficial diffusion as limiting phenomenon is the fact that the low
activation energy values obtained are lower than the
energy values needed to evaporate moisture (45 kJ/mol).
This implies that moisture may be transported along the
capillary walls through chemical and physical interactions with the solid.
In terms of mathematical modeling, especially when
the pseudo-homogeneous approach is used to represent
the experimental data, Ficks’s model, based on the diffusion theory, can be used to simulate the data observed,
where, for the porous media and operational conditions
evaluated, the overall effective diffusion coefficient can
be approximated by:

1
Deff ,G

≈

1
Deff , s

(15)

6. Conclusion
In this work, the drying kinetics of three different porous
media was studied based on the concept of effective
moisture diffusion. The characterization of the particles
that constituted the media was performed and information to estimate diffusivity based on different mass transfer mechanisms was obtained. Moisture data as a function of time showed that each porous medium studied has
distinct drying kinetics influenced by the characteristics
ACES
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of particles which form the medium. It was verified that
the diffusive mechanism that limits moisture transfer
inside the porous matrix is the effective superficial liquid
diffusion, which indicates that moisture is mainly transported along the walls of the capillaries through chemical
and physical interactions with the solid. From these results, it is possible to infer that the diffusive model, based
on Fick’s Second Law of diffusion, is appropriate to represent the experimental data of the drying process.

15

pp. 1203-1213.
http://dx.doi.org/10.1080/07373930701438592
[5]

J. Gilron and A. Soffer, “Knudsen Diffusion in Microporous Carbon Membranes with Molecules Sieving Character,” Journal of Membrane Science, Vol. 209, No. 2,
2002, pp. 339-352.
http://dx.doi.org/10.1016/S0376-7388(02)00074-1

[6]

G. Massarani, “Fluid Dynamics in Particulate Systems,”
E-Papers, Rio de Janeiro, 2002. (in Portuguese)

[7]

W. L. McCabe, J. C. Smith and P. Harriott, “Unit Operations of Chemical Engineering,” 6th Edition, McGrawHill, Boston, 2001.

The authors thank CNPq (Conselho Nacional de Desenvolvimento Científico e Tecnológico) for the financial
support.

[8]

A. Putrano and X. D. Chen, “Spatial Reaction Engineering Approach as an Alternative for Nonequilibrium Multiphase Mass-Transfer Model of Drying of Foods and Biological Materials,” AIChE Journal, Vol. 59, No. 1, 2013,
pp. 55-67. http://dx.doi.org/10.1002/aic.13808

REFERENCES

[9]

R. Baini and T. A. G. Langrish, “An Assessment of the
Mechanisms for Diffusion in the Drying of Bananas,”
Journal of Food Engineering, Vol. 85, No. 2, 2008, pp.
201-214.
http://dx.doi.org/10.1016/j.jfoodeng.2007.06.035

Acknowledgements

[1]

[2]

G. F. M. V. Souza, R. F. Miranda, E. B. Arruda, O. S. H.
Mendoza and M. A. S. Barrozo, “Drying Kinetics of Silica Gel: Statistical Discrimination Using Nonlinearity Measures,” Chemical Engineering and Technology, Vol. 35,
No. 5, 2012, pp. 797-802.
http://dx.doi.org/10.1002/ceat.201100342
E. Tsotsas, “From Single Particle to Fluid Bed Drying
Kinetics,” Drying Technology, Vol. 12, No. 6, 1994, pp.
1401-1426.
http://dx.doi.org/10.1080/07373939408961013

[3]

R. B. Keey, “Drying of Loose and Particulate Materials,”
Marcel Decker Inc., New York, 1992.

[4]

X. D. Chen, “Moisture Diffusivity in Food and Biological
Materials,” Drying Technology, Vol. 25, No. 7-8, 2007,

OPEN ACCESS

[10] J. Crank, “The Mathematics of Diffusion,” Claredon Press,
Oxford, 1975.
[11] R. E. Treybal, “Mass Transfer Operations,” McGraw-Hill,
New York, 1980.
[12] H. Perazzini, F. B. Freire and J. T. Freire, “Drying Kinetics Prediction of Solid Waste Using Semi-Empirical and
Artificial Neural Network Models,” Chemical Engineering and Technology, Vol. 36, No. 7, 2013, pp. 1193-1201.
http://dx.doi.org/10.1002/ceat.201200593

ACES

J. T. FREIRE ET AL.

16

Nomenclature
Ap

Particle area

mm2

As

Superficial particle area

m2/g

Cl

Liquid concentration

kg/m3

Cv

Vapor concentration

kg/m3

dp

Pore diameter

nm

Deff,G

Effective global diffusion

m2/s

Deff,l

Effective liquid diffusion

m2/s

Deff,k

Effective Knudsen diffusion

m2/s

Deff,s

Effective surface diffusion

m2/s

Deff,v

Effective vapor diffusion

m2/s

Df

Feret diameter

mm

Dp

Particle diameter

mm

Dv,0

Vapor diffusion

m2/s

D0

Exponential factor

m2/s

Ea

Activation energy

kJ/mol

k

Coupling coefficients

-

Kn

Knudsen number

-

Ks

Permeability

m2

L

Thickeness

m

P

Pressure

Pa

PMw

Molar weight of water

g/mol

R

Ideal gas constant

J/molK

S

Saturation

-

t

Drying time

min

Tg

Gas temperature

K

vp

Pore volume

cm3

X

Moisture content

kg/kg

Xeq

Equilibrium moisture content

kg/kg

Greek

Letters

Г

Perimeter

mm

δ

Constricivity

-

ε

Porosity

-

μg

Gas viscosity

Nm/s

ρap

Apparent density

kg/m3

ρg

Gas density

kg/m3

ρr

Real density

kg/m3

τ

Tortusity

-

ϕ

Sphericity

-
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