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a  b  s  t  r  a  c  t

The adsorption kinetics of erythrosine B and indigo carmine on chitosan films was studied by a diffusional mass

transfer model. The experimental curves were obtained in batch system under different conditions of stirring rate

(80–200  rpm) and initial dye concentration (20–100 mg L−1). For the model development, external mass transfer and

intraparticle diffusion steps were considered and the specific simplifications were based on the system characteris-

tics.  The proposed diffusional mass transfer model agreed very well with the experimental curves, indicating that

the  surface diffusion was the rate limiting step. The external mass transfer coefficient (kf) was dependent of the

operating conditions and ranged from 1.32 × 10−4 to 2.17 × 10−4 m s−1. The values of surface diffusion coefficient (Ds)

increased with the initial dye concentration and were in the range from 0.41 × 10−14 to 22.90 × 10−14 m2 s−1. The Biot

number ranged from 17.0 to 478.5, confirming that the intraparticle diffusion due to surface diffusion was the rate

limiting step in the adsorption of erythrosine B and indigo carmine on chitosan films.
©  2014 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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adsorbent (Kyzas and Lazaridis, 2009; Wan Ngah et al., 2011;
.  Introduction

ynthetic dyes, such as, erythrosine B and indigo carmine are
xtensively used in food processing industry to confer, inten-
ify and restore the color of the final products (Downham and
ollins, 2000). A portion of these dyes is lost during the man-
facturing and processing operations, and as consequence,

 considerable amount of dye–containing effluents is gen-
rated (Gupta and Ali, 2013). As reported in recent studies,
he dye-containing effluents have negative direct and indi-
ect impacts on human health and the environment, and
hould be carefully treated before discharge (Gupta and Suhas,
009; Srinivasan and Viraraghavan, 2010; Verma et al., 2012).
everal methods have been used to treat dye-containing efflu-
Please cite this article in press as: Dotto, G.L., et al., Diffusional mass tran
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nts, such as, coagulation/flocculation (Verma et al., 2012),
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biosorption (Srinivasan and Viraraghavan, 2010), adsorp-
tion (Moussavi and Khosravi, 2011), bacterial decolorization
(Saratale et al., 2011), advanced oxidation (Koprivanac and
Kusic, 2008) and others (Koprivanac and Kusic, 2008; Gupta
and Ali, 2013). It is recognized in literature that the adsorption
onto chitosan is an emerging alternative technology to remove
dyes from aqueous media (Crini and Badot, 2008; Wan Ngah
et al., 2011).

Chitosan can be obtained from natural resources and its
use as adsorbent is extremely cost effective. In addition, the
adsorption capacities and adsorption rates are high (Crini and
Badot, 2008). Studies have focused on chemical and physical
modifications to improve the performance of chitosan as dye
sfer model for the adsorption of food dyes on chitosan films. Chem.
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Nomenclature

aRP Redlich–Peterson constant, (L mg−1)ˇ

Bis Biot number, dimensionless
C(t) dye concentration in bulk solution, mg  L−1

C(x,t) dye concentration within the chitosan film
varying with x and t, mg  L−1

C0 initial dye concentration in bulk solution, mg
L−1.

Ce dye concentration in bulk solution at equilib-
rium, mg  L−1

Cs(t) dye concentration at x = L/2, mg  L−1

DAB molecular diffusion coefficient, m2 s−1

Dp effective pore volume diffusion coefficient,
m2 s−1

Ds surface diffusion coefficient, m2 s−1

kf external mass transfer coefficient, m s−1

kRP Redlich–Peterson constant, L g−1

L thickness of chitosan film, m or �m
m mass of chitosan film, g
MB molecular weight of water, g mol−1

N number of experimental points
q(t) mass of dye adsorbed per gram of adsorbent,

mg  g−1

q(x,t) mass of dye adsorbed varying with x and t,
mg  g−1

qe mass of dye adsorbed at equilibrium, mg  g−1

q0 mass of dye adsorbed at equilibrium with a
hypothetical liquid concentration, mg  g−1

S external surface area per mass of adsorbent,
cm2 g−1

t time, min  or s
T temperature, K
V volume of solution, L or m3

VA molar volume of solute at its normal boiling
temperature, cm3 mol−1

x spatial direction, m

Greek symbols
ˇ  Redlich–Peterson constant, dimensionless
εp void fraction of the chitosan film, dimension-

less
�B viscosity of water, cp
� defined in Eq. (14.1)
�n defined in Eq. (13.2)
�p apparent density of the chitosan film, g L−1

�s solid density of the chitosan film, g L−1

� tortuosity factor, dimensionless
ϕ association parameter of water, dimensionless
 (t) defined in Eq. (13.1)
et al., 2013). In this way, some chitosan based materials were
developed, for example, foam (Li et al., 2012), hollow fibers
(Mirmohseni et al., 2012), hydrogels (Zhu et al., 2012) and films
(Dotto et al., 2013). Recently, Dotto et al. (2013) applied chi-
tosan films to remove food dyes from aqueous solutions. Their
study was focused on the equilibrium isotherms, thermody-
namic and interaction analysis. However, the design of an
adsorption system to treat colored effluents also requires the
investigation of the adsorption kinetics (Crini and Badot, 2008).
Please cite this article in press as: Dotto, G.L., et al., Diffusional mass tran
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Generally, in the studies about dye removal on chitosan based
materials, the kinetic investigation is based on the adsorption
reaction models (Kyzas and Lazaridis, 2009; Dotto and Pinto,
2011a; Wan Ngah et al., 2011; Li et al., 2012; Mirmohseni et al.,
2012; Zhu et al., 2012; Dotto et al., 2013).

The adsorption reaction models (pseudo-first order and
pseudo-second order) assumes that the adsorption kinetics
is exclusively controlled by the adsorption rate of the solute
on the surface of the adsorbent, and the intraparticle diffu-
sion and external mass transfer can be ignored (Ocampo-Pérez
et al., 2012). Furthermore, is considered that the adsorption
kinetics can be represented in the same manner as the rate of
a chemical reaction (Qiu et al., 2009). Based on these models,
it is not possible to obtain the mass transfer parameters and
identify the rate controlling step. On the other hand, the dif-
fusional mass transfer models are constructed on the basis of
three consecutive steps: external mass transfer, intraparticle
diffusion (pore volume diffusion, surface diffusion, or a combi-
nation of both mechanisms) and adsorption on an active site;
and so represents more  realistically the adsorption kinetics
(Qiu et al., 2009; Ocampo-Perez et al., 2010, 2011; Dotto and
Pinto, 2011b, 2012; Ocampo-Pérez et al., 2012). Since there are
few reports in the literature about the application of diffus-
ional mass transfer models in the adsorption of food dyes on
chitosan films, detailed studies are necessary in this field.

This work aimed to develop a diffusional mass transfer
model to represent the adsorption kinetics of erythrosine B
and indigo carmine on chitosan films. Chitosan films were
prepared and characterized by scanning electron microscopy
(SEM), X-ray mapping and mechanical properties. The model
was developed considering the external mass transfer and
intraparticle diffusion steps, and was employed to study the
experimental curves under different conditions of stirring rate
and initial dye concentration. Furthermore, the mass transfer
parameters were estimated and interpreted in detail.

2.  Materials  and  methods

2.1.  Dyes

The dyes used in this work were: erythrosine B (acid
red 51; xanthene dye; molecular weight 879.86 g mol−1; C.I.
45,430; �max = 526 nm;  molecular size 11.0 Å) and indigo
carmine (FD&C blue no. 2; indigoid dye; molecular weight
466.34 g mol−1; C.I. 73,015; �max = 610 nm;  molecular size
16.8 Å). These dyes (purity higher than 85%) were supplied by
a local manufacturer (Duas Rodas Ind.) and were used with-
out further purification. The chemical structures of the dyes
are shown in Fig. 1. Distilled water was used to prepare all
solutions. All reagents were of analytical-grade.

2.2.  Preparation  of  chitosan  films

Firstly, chitosan in powder form (deacetylation degree of
85 ± 1%, viscosity average molecular weight of 150 ± 3 kDa and
particle size of 72 ± 3 �m)  was obtained from shrimp wastes
(Penaeus brasiliensis)  by the following steps: demineralization,
deproteinization, deodorization, deacetylation, purification
and drying (Weska et al., 2007; Dotto et al., 2011a). After, chi-
tosan films were obtained by casting technique as follows:
chitosan powder was dissolved in acetic acid solution using
moderate magnetic stirring (Marte, MAG-01H, Brazil) at room
temperature. This solution was centrifuged (Fanem, 206 BL,
Brazil) and poured onto a level plexiglas plate. Then, chitosan
sfer model for the adsorption of food dyes on chitosan films. Chem.

films were obtained by solvent evaporation and conditioned
in desiccators prior to the use (Dotto et al., 2011b, 2013). More

dx.doi.org/10.1016/j.cherd.2014.03.013
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Fig. 1 – Chemical structures of the dyes: (a) erythrosine B
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etailed procedures can be obtained in our previous works
Weska et al., 2007; Dotto et al., 2011a,b, 2013).

.3.  Characterization  of  chitosan  films

he textural characteristics of the chitosan films were
bserved before and after the adsorption process by scanning
lectron microscopy (SEM) (Jeol, JSM-6610LV, Japan) (Goldstein
t al., 1992). X-ray mappings of iodine (erythrosine B) and sul-
ur (indigo carmine) were carried out in the chitosan films after
he adsorption process (Jeol, JSM-6610LV, Japan) (Goldstein
t al., 1992). The tensile strength and elongation were mea-
ured by a texture analyzer (Stable Micro Systems, TA-XT-2i,
K) according to the procedures of the American society for

esting and materials (ASTM, 2001). The dimensions (length,
idth and thickness) were obtained by a digital micrometer

Insize, IP54, Brazil) with 0.0010 mm of resolution. The exter-
al surface area per mass of adsorbent (S) was calculated from
he dimensions, based on the spatial geometry of the chitosan
lms. The solid density (�s) was obtained from the literature

Piccin et al., 2011), the apparent density (�p) was determined
y the mass/volume relation in an analytical balance (Marte,
Y220, Brazil), and the void fraction (εp) of the chitosan films
as estimated by Eq. (1) (Dotto and Pinto, 2012):

p = 1 − �p

�s
(1)

.4.  Procedure  to  obtain  the  experimental  kinetic
urves

n order to obtain the experimental kinetic curves, batch
dsorption assays were carried out in a jar-test (Nova etica,
18 MBD,  Brazil), at different conditions of stirring rate (80 and
00 rpm) and initial dye concentration (20, 60 and100 mg  L−1).
he other experimental conditions were based on prelimi-
ary tests and literature (Hessel et al., 2007; Crini and Badot,
008). Dye stock solutions (1.00 g L−1) were prepared (pH was
Please cite this article in press as: Dotto, G.L., et al., Diffusional mass tran
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djusted to 7.0), and all subsequent tests were realized by
iluting these solutions. 500 mg  of chitosan films (divided in
portions of 1 cm × 1 cm (this size was selected in order to facil-
itate the phase separation after the adsorption process)) were
added in 1.0 L of solutions with desired initial dye concentra-
tion (20, 60 or 100 mg L−1) and these solutions were agitated (80
or 200 rpm) at room temperature (298 ± 2 K). Samples were col-
lected in preset time intervals (2, 4, 6, 8, 10, 15, 20, 25, 30, 40, 50,
60, 80, 100 and 120 min) and also at equilibrium (the equilib-
rium was considered attained when the dye concentration in
the liquid phase did not present difference between three con-
secutive measures). The dyes concentration was determined
by spectrophotometry (Biospectro, SP-22, Brazil) at 526 nm and
610 nm for erythrosine B and indigo carmine, respectively.
Blanks were performed and experiments were carried out in
replicate. The mass of dye adsorbed per gram of adsorbent at
any time (q(t)), and the mass of dye adsorbed at equilibrium
(qe) were calculated by Eqs. (2) and (3), respectively:

q(t) = (C0 − C(t))
m

V (2)

qe = (C0 − Ce)
m

V (3)

3.  Model

3.1.  Model  development

Generally, in solid–liquid adsorption systems it is accepted
that the mass transfer can occur in three steps: external mass
transfer, intraparticle diffusion and adsorption on active sites.
The intraparticle diffusion may be controlled by pore vol-
ume  diffusion, surface diffusion or a combination of both
mechanisms (Ruthven, 1984; Qiu et al., 2009; Ocampo-Perez
et al., 2010; Dotto and Pinto, 2011b; Ocampo-Perez et al.,
2011; Wegmann et al., 2011; Baz-Rodríguez et al., 2012; Dotto
and Pinto, 2012; Ocampo-Pérez et al., 2012). In this work,
the dyes adsorption on active sites was considered instanta-
neous (Crini and Badot, 2008; Dotto et al., 2013), and thus, no
affects the adsorption rate. Furthermore, the following pre-
liminary assumptions were made for the considered system:
the adsorption occurs at 298 K; the pores of the chitosan films
are saturated with liquid; the mass transport by convection
within the pores is negligible; the intraparticle diffusion can
occur by pore volume diffusion, surface diffusion or both; the
values of effective pore volume diffusion coefficient (Dp) and
surface diffusion coefficient (Ds) are constant. Based on the
above assumptions, the distribution of C and q into the chi-
tosan film can be represented by the general diffusive model
(Suzuki, 1990; Do, 1997), as demonstrated in Eq. (4):

εp
∂C

∂t
+ �s(1 − εp)

∂q

∂t
= Dp∇2C + �s(1 − εp)Ds∇2q (4)

In Eq. (4), the first term of the left is the dye accumulation
in the pore volume of chitosan films and the second term is
the accumulation due to the dye adsorption on the surface
of chitosan films. The first and second terms of the right are
relative to the pore volume diffusion and surface diffusion,
respectively.

As observed in Table 1 (Section 4.1), the length and width
of the chitosan films are very higher than the thickness, so,
sfer model for the adsorption of food dyes on chitosan films. Chem.

the mass transfer can be considered in the x direction, conse-
quently, for Cartesian coordinates, Eq. (4) can be simplified in

dx.doi.org/10.1016/j.cherd.2014.03.013
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Table 1 – Chitosan films characteristics.

Characteristic Value

Mechanical
propertiesa

Tensile strength (MPa) 27.9 ± 2.5
Elongation (%) 12.5 ± 1.0

Dimensionsa Length (cm) 1.00 ± 0.01
Width (cm) 1.00 ± 0.01
Thickness (�m) 75 ± 1

Density, void
fraction and external
surface area

�s (g L−1) 1550
�p (g L−1) 1333
εp 0.140
S (cm2 g−1) 200

a Mean ± standard error (n = 3).

Fig. 2 – Transport of the dye molecules from the solution to
the chitosan film (illustrative representation).
the form of Eq. (5):

εp
∂C(x, t)
∂t

+ �s(1 − εp)
∂q(x, t)
∂t

= Dp
∂2C(x, t)
∂x2

+ �s(1 − εp)Ds
∂2q(x, t)
∂x2

(5)

Low values of void fraction (εp) were observed for the
chitosan films (Table 1), so, it can be assumed that the sur-
face diffusion is the predominant intraparticle mass transfer
mechanism. In this way the terms which contains C(x,t) (Eq.
(5)) can be neglected, leading to Eq. (6):

�s(1 − εp)
∂q(x, t)
∂t

= �s(1 − εp)Ds
∂2q(x, t)
∂x2

(6)

Eq. (6) can be simplified in the form of Eq. (7):

∂q(x, t)
∂t

= Ds
∂2q(x, t)
∂x2

(7)

In this way, it is assumed that in the adsorption of food
dyes, the accumulation rate within the chitosan film is due to
the surface diffusion in the x direction. Leading into account
the external mass transfer from the bulk solution to the chi-
tosan film surface, the initial and boundary conditions are
presented in Eqs. (8)–(10). The representative illustration of the
problem considered in this work is shown in Fig. 2.

t = 0, 0 ≤ x ≤ L

2
⇒ q(x, t) = 0 (8)

∂q(x, t)
∂x

∣∣∣∣
x=0

= 0 (9)

�s(1 − εp)Ds
∂q(x, t)
∂x

∣∣∣∣
x=L/2

= kf (C(t) − Cs(t)) (10)

For the dyes adsorption onto chitosan films, at x = L/2, the
equilibrium relation is given by the Redlich–Peterson isotherm
(Dotto et al., 2013), as presented in Eq. (11):

q(x = L/2, t) = kRPCs(t)

1 + (aRPCs(t)
ˇ)

(11)

The estimated values of aRP, kRP and  ̌ were, respectively,
−1 ˇ −1
Please cite this article in press as: Dotto, G.L., et al., Diffusional mass tran
Eng. Res. Des. (2014), http://dx.doi.org/10.1016/j.cherd.2014.03.013

2.01 (L mg ) , 396.0 L g and 0.99 for erythrosine B and 4.75
(L mg−1)ˇ, 411.1 L g−1 and 0.80 for indigo carmine (Dotto et al.,
2013). In addition to Eqs. (7)–(11), Eqs. (2) and (12) were used to
solve the model (Suzuki, 1990; Baz-Rodríguez et al., 2012).

q(t) = 2
L

∫ L/2

0

q(x, t) dx (12)

3.2.  Model  solution

The mathematical model is the simultaneous solution of Eqs.
(2) and (7)–(12). Using the separation of variables method, it
can be proved that Eq. (13) is the unique solution of Eq. (7)
with the above initial and boundary conditions (Section 3.1)
(Strauss, 2008).

q(x, t) =  (t) + 4



+∞∑
n=0

(−1)n+1

1 + 2n
eDs�

2
nt

(∫ t

0

eDs�
2
n� ′(�)d�

)

× cos
(

(1 + 2n)

x

L

)
(13)

being

 (t) = kRPCs(t)

1 + (aRPCs(t)
ˇ)

(13.1)

�n = (1 + 2n)



L
(13.2)

By Eqs. (2), (10) and (13), it can be obtained that C(t), Cs(t)
and q(t) satisfies Eqs. (14) and (15) (Strauss, 2008):

C(t) = e(−m�t/V)

(∫ t

0

m�

V
Cs(�)e(m��/V)d� + C0

)
(14)

where

2kf
sfer model for the adsorption of food dyes on chitosan films. Chem.

� =
L�s(1 − εp)

(14.1)

dx.doi.org/10.1016/j.cherd.2014.03.013
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Fig. 3 – SEM images of chitosan films: (a) before adsorption
process, (b) adsorbed with erythrosine B and (c) adsorbed
with indigo carmine.
(t) =  (t) − 8

2

+∞∑
n=0

e−Ds�2
nt

(1 + 2n)2

(∫ t

0

eDs�
2
n� ′(�)d�

)
(15)

.3.  Estimation  of  the  mass  transfer  parameters

o obtain the surface diffusion coefficient (Ds), the integrals
in Eqs. (14) and (15)) were approximated by the numerical
uadrature’s method (Burden and Faires, 2011), being consid-
red the first two terms of the series in Eq. (15). Then, a system
ith Eqs. (2), (14) and (15) was matched with the experimen-

al data, and the more  adequate value for Ds was estimated
y minimizing the sum of the least squares (SSR) (Eq. (16))
Ocampo-Pérez et al., 2012):

SR =
N∑
1

(q(t)experimental − q(t)predicted)2 (16)

The external mass transfer coefficient (kf) was estimated
y the procedure proposed by Furusawa and Smith (1973) as
emonstrated in Eq. (17):

dC(t)
dt

= −mSkf (C(t) − Cs(t)) (17)

When t → 0 then Cs(t) → 0 and C(t) → C0. Substituting these
onditions in Eq. (17), Eq. (18) is obtained:

d(C(t)/C0)
dt

]
= −mSkf

V
(18)

The term in the right of Eq. (18) is the slope of the curve
(t)/C0 versus t, at t = 0 and was estimated by using the first
hree data points.

.4.  Model  fit  evaluation

he quality of the fit between the experimental data
q(t)experimental) and the predicted data (q(t)predicted) was eval-
ated by the average relative error (ARE), as presented in Eq.

19) (Ocampo-Perez et al., 2011):

RE = 100
N

N∑
1

∣∣∣∣q(t)experimental − q(t)predicted

q(t)experimental

∣∣∣∣ (19)

.  Results  and  discussion

.1.  Chitosan  films  characteristics

he SEM images of chitosan films before adsorption process
a), adsorbed with erythrosine B (b) and adsorbed with indigo
armine (c) are shown in Fig. 3. It can be seen in Fig. 3(a)
hat the chitosan films presented a homogeneous surface
ith some cavities and protuberances. Some porous were also
bserved. After the adsorption process (Fig. 3(b) and (c)), the
xternal surface of the chitosan films was smoothed and fewer
ores were observed. This suggests that the dyes were adhered
n the chitosan films. Fig. 4 shows the X-ray mappings of

odine (erythrosine B) and sulfur (indigo carmine) in the chi-
osan films after the adsorption process, at x = L/2 and x = 0.
he presence of iodine and sulfur at x = L/2 (Fig. 4(a) and (c),
Please cite this article in press as: Dotto, G.L., et al., Diffusional mass tran
Eng. Res. Des. (2014), http://dx.doi.org/10.1016/j.cherd.2014.03.013

espectively) confirms that the external surface of the chitosan
lms was covered by the dyes. Furthermore, the presence of
iodine and sulfur at x = 0 (Fig. 4(b) and (d), respectively) indi-
cated that the dyes were transferred within the chitosan films.

The chitosan film dimensions (Table 1) confirms the
assumption that the mass transfer is mainly in x direction. The
low values of void fraction (εp) (Table 1) suggest that the mass
transfer occurs mainly in the surface of chitosan films. This
fact help to support that the surface diffusion is the predomi-
nant intraparticle mass transfer mechanism in the adsorption
of food dyes onto chitosan films. In relation to the mechanical
properties (Table 1), it is possible to affirm that the chitosan
sfer model for the adsorption of food dyes on chitosan films. Chem.

films showed good values for tensile strength and elongation

dx.doi.org/10.1016/j.cherd.2014.03.013
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Fig. 4 – X-ray mappings of iodine (erythrosine B) and sulfur (indigo carmine) in the chitosan films after the adsorption
process: (a) iodine at x = L/2, (b) iodine at x = 0, (c) sulfur at x = L/2 and (d) sulfur at x = 0.
(Fajardo et al., 2012). These properties facilitate the phase sep-
aration after adsorption (Dotto et al., 2013).

4.2.  Model  validation  and  interpretation  of  the
experimental  curves

The experimental adsorption kinetic curves of erythrosine B
and indigo carmine on chitosan films were obtained under dif-
ferent conditions of stirring rate (80–200 rpm) and initial dye
concentration (20–100 mg  L−1). These curves were modeled
by a diffusional mass transfer model considering the exter-
nal mass transfer and intraparticle diffusion steps. Based on
the experimental system and previously studies, it was also
assumed that the mass transfer occurred only in x direction
and the intraparticle diffusion step is mainly due to sur-
face diffusion. Furthermore, the equilibrium relation was the
Redlich–Peterson isotherm. For all kinetic curves, the values of
average relative error (ARE) ranged from 1.51 to 3.59%, demon-
strating that the proposed diffusional mass transfer model
agreed very well with the experimental data. This is an indica-
tive that the surface diffusion was the rate limiting step. The
good concordance between the experimental and modeled
data can be visualized in Figs. 5 (erythrosine B) and 6 (indigo
carmine).

The stirring rate effect on the experimental kinetic curves
is presented in Figs. 5(a) (erythrosine B) and 6(a) (indigo
carmine). It can be seen in these figures, that, for both dyes, the
stirring rate increase from 80 to 200 rpm caused an increase in
Please cite this article in press as: Dotto, G.L., et al., Diffusional mass tran
Eng. Res. Des. (2014), http://dx.doi.org/10.1016/j.cherd.2014.03.013

the q(t) values (the model also followed this tendency). This
can be occurred because, the stirring rate increase leads to
an increase in the energy dissipation and turbulence in the
mixing zone, consequently, the boundary layer thickness is
decreased, facilitating the external mass transfer (Ruthven,
1984; Suzuki, 1990). Dotto and Pinto (2012) analyzed the mass
transfer kinetics in the biosorption of synthetic dyes onto Spir-
ulina platensis nanoparticles. They verified similar trend, when
the stirring rate was increased from 50 to 225 rpm. Ocampo-
Perez et al. (2010), studying the adsorption of pyridine onto
granular activated carbon, found that the external mass trans-
fer was affected by the stirring rate increase from 100 to
200 rpm.

Fig. 5(b) (erythrosine B) and 6(b) (indigo carmine) show the
initial dye concentration effect on the kinetic curves. It was
found that, for both dyes, the initial dye concentration (C0)
increase from 20 to 100 mg L−1 caused an increase in the q(t)
values (the model also followed this tendency). This behav-
ior can be explained by two facts: (1) at higher values of C0,
the concentration gradient between the bulk solution and the
adsorbent external surface is higher, facilitating the external
mass transfer (this can be verified mathematically by the com-
bination of Eqs. (2), (17) and (18)); (2) at higher values of C0, the
driving force C(t)–Cs(t) is higher, consequently, the mass flux
of dye by surface diffusion is increased, as mathematically
demonstrated in Eq. (10). Similar behavior was obtained by
Choy et al. (2004) in the adsorption of acid dyes from aqueous
solutions onto activated carbon.

In brief, it was found that, under the considered conditions
of stirring rate and initial dye concentration, the diffusional
sfer model for the adsorption of food dyes on chitosan films. Chem.

mass transfer model used in this work is adequate to represent
the adsorption kinetics of erythrosine B and indigo carmine on
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Fig. 5 – Experimental kinetic curves for the adsorption of
erythrosine B on chitosan films: (a) stirring rate effect and
(b) initial concentration effect.
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Fig. 6 – Experimental kinetic curves for the adsorption of
indigo carmine on chitosan films: (a) stirring rate effect and
(b) initial concentration effect.
hitosan films. This implies that the external mass transfer
nd intraparticle diffusion steps should be considered, being
hat the surface diffusion is the predominant intraparticle

ass transfer mechanism.

.3.  Interpretation  of  the  mass  transfer  parameters

able 2 shows the mass transfer parameters for the adsorption
f erythrosine B and indigo carmine under different experi-
ental conditions. In order to prove that the surface diffusion

s the predominant intraparticle mass transfer mechanism (as
entioned in Section 4.2), the values of DAB and Dp were cal-

ulated and compared with Ds (Table 2). The values of DAB and

p were calculated by Eqs. (20) and (21), respectively (Wilke
nd Chang, 1955; Valderrama et al., 2008):

AB = 7.4 × 10−8

[
(ϕMB)0.5T

�BV
0.6
A

]
(20)

p = DABεp

�
(21)

eing

(2 − εp)2
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 =
εp

(22)
The values of Dp were 2.20 × 10−12 m2 s−1 for erythrosine
B and 2.69 × 10−12 m2 s−1 for indigo carmine. Since Dp ≫ Ds

(Table 2), the transference of the dyes by pore volume diffusion
can be neglected (confirming the assumption in Section 3.1),
and it can be concluded that the surface diffusion was the rate
limiting step. Similar behavior was found by Ocampo-Perez
et al. (2010), studying the adsorption of pyridine onto gran-
ular activated carbon. They found that the surface diffusion
represented more  than 93.5% of total intraparticle diffusion,
confirming that surface diffusion was the mechanism control-
ling the overall adsorption rate.

Table 2 shows three aspects regarding to the external mass
transfer coefficient (kf): (1) it was found that the stirring rate
increase caused an increase in the kf values. This occurred due
to the increase in the system mobility (as explained in Section
4.2), and implies that the transference of the dyes across the
external layer was facilitated at 200 rpm; (2) the initial dye con-
centration increase caused an increase in the kf values. This
shows that at higher initial dye concentrations, the external
mass transfer resistance was decreased. Similar dependences
of kf in relation to the stirring rate and initial concentration
were found in the phenol adsorption onto organobentonite
(Ocampo-Perez et al., 2011); (3) In general, the kf values for
indigo carmine were lower than the kf values for erythrosine
B. This can occurred, because the indigo carmine dye has a
higher and more  ramified molecular structure (Fig. 1), hinder-
sfer model for the adsorption of food dyes on chitosan films. Chem.

ing its transference across the external layer. Similar behavior
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Table 2 – Mass transfer parameters for the adsorption of erythrosine B and indigo carmine under different experimental
conditions.

Dye Stirring rate (rpm) C0 (mg  L−1) Ce (mg  L−1) qe (mg  g−1) kf × 104 (m s−1) Ds × 1014 (m2 s−1) Bis

Erythrosine B

80
20  0.1 39.7 1.39 0.41 478.5
60 0.6 118.8 1.52 6.69 32.2

100 2.7 194.6 1.74 11.10 22.7

200
20 0.1 39.7 1.95 1.06 260.3
60 0.6 118.8 2.02 9.06 31.7

100 2.7 194.6 2.17 16.40  19.1

Indigo carmine

80
20  0.2 39.5 1.32 1.91 98.7
60 6.4 107.2 1.45 11.61 19.7

100 22.6 154.8 1.76 13.70 23.3

200
20 0.2 39.5 1.41 1.80 111.3
60 6.4 107.2 1.90 12.10 24.7

22.6 
100 

was verified in the biosorption of acid blue 9 and FD&C red 40
on S. platensis nanoparticles (Dotto and Pinto, 2012).

In relation to the Ds values (Table 2), it was verified that
the higher values were obtained at higher initial dye concen-
trations. Furthermore, higher Ds values were obtained for the
indigo carmine dye. The first fact can be explained as fol-
lows: as expected, the initial dye concentration (C0) increase
caused an increase in the qe values (Table 2) and, so, the
Ds values increased (Ruthven, 1984; Suzuki, 1990; Do, 1997).
This can occurred because, at first, the dye molecules are
adsorbed on the high energy sites (or more  available), and so,
few of the adsorbed molecules had enough energy to move
along the surface from one site to another. Since the high
energy sites have been occupied, the dye molecules would be
adsorbed on the low-energy sites. Therefore, a greater num-
ber of molecules had enough energy to move from one site to
the other (Suzuki, 1990; Ocampo-Perez et al., 2011). The sec-
ond fact can be explained as follows: the indigo carmine dye
has sulfonated groups in its structure, and these groups have
high affinity with the protonated amino groups on the chi-
tosan films internal surface (Crini and Badot, 2008). In this way
the transport of this dye is facilitated on the surface, provid-
ing high Ds values. The Ds values obtained in this work were
in the range of 10−14 m2 s−1 (Table 2). Lee and McKay (2004)
obtained Ds values of 3.0 × 10−14 m2 s−1 for the adsorption of
basic yellow 21 on activated carbon, and 12.0 × 10−14 m2 s−1 for
the adsorption of basic blue 69 on silica.

In order to verify the predominance of surface diffusion in
relation to the external mass transfer, the surface diffusion
modified Biot number, (Bis) was used. The surface diffusion
modified Biot number is given by Eq. (23) (Weber and Di Giano,
1995):

Bis = kf LC0

2�sDsq0
(23)

In this work, the surface diffusion modified Biot number
ranged from 17.0 to 478.5 (Table 2). According to the literature,
for Bis < 0.5, it exists a complete dominance of the external
mass transfer, while for Bis > 10 a considerable dominance of
the surface diffusion exists (Costa and Rodrigues, 1985; Li et al.,
2003). In this way, the Bis values obtained in this work cor-
roborate that, in the adsorption of erythrosine B and indigo
Please cite this article in press as: Dotto, G.L., et al., Diffusional mass tran
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carmine on chitosan films, the surface diffusion is the rate
limiting step.
154.8 2.15 22.90 17.0

5.  Conclusion

In this work, a diffusional mass transfer model was used
to represent the adsorption of erythrosine B and indigo
carmine on chitosan films under different conditions of
stirring rate and initial dye concentration. The diffusional
mass transfer model agreed very well with the experimen-
tal curves, indicating that the surface diffusion was the
predominant intraparticle mass transfer mechanism. The
external mass transfer coefficient (kf) ranged from 1.32 × 10−4

to 2.17 × 10−4 m s−1. The values of surface diffusion coefficient
(Ds) were in the range from 0.41 × 10−14 to 22.90 × 10−14 m2 s−1.
Since Dp ≫ Ds and 17.0 ≤ Bis ≥ 478.5, it was proved that in the
adsorption of erythrosine B and indigo carmine on chitosan
films, the surface diffusion was the rate limiting step.
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