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a b s t r a c t

Adsorption of food dyes acid blue 9 and food yellow 3 onto chitosan was studied. Stirring rate influence
on kinetics and mechanism was verified. Infra-red analysis was carried out before and after adsorp-
tion in order to verify the adsorption nature. Adsorption experiments were carried out in batch systems
with different stirring rates (15–400 rpm). Kinetic behavior was analyzed through the pseudo-first-order,
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pseudo-second-order and Elovich models. Adsorption mechanism was verified according to the film dif-
fusion model and HSDM model. Pseudo-second-order and Elovich models were satisfactory in order to
represent experimental data in all stirring rates. For both dyes, adsorption occurred by film and intraparti-
cle diffusion, and the stirring rate increase caused a decrease in film diffusion resistance. Therefore, the
film diffusivity increased the adsorption capacity and, consequently, intraparticle diffusivity increased.
In all stirring rates, the rate-limiting step was film diffusion. Adsorption of acid blue 9 and food yellow 3

y che
ood dyes onto chitosan occurred b

. Introduction

Annually, the amount of dyes produced reaches about 105 tons
1], out of which 50% is lost in manufacturing and processing units
2]. Wastewater effluents from many industries such as textiles,
ubber, food, paper and plastics, contain several kinds of dyes [3].
he release of these effluents causes coloration of surface waters
nd the colored effluent blocks the photosynthetic bacteria and
quatic plants from sunlight, interfering with the ecology of the
eceiving water [4]. An effective method for removal of dyes from
astewater is adsorption, due to its simplicity and high efficiency,

s well as the availability of a wide range of adsorbents [5–7]. Chi-
osan is a cationic biopolymer used in order to remove dyes from
ffluents in adsorption systems, due to its high adsorption capac-
ties and low-cost materials obtained from natural resources [8].

ost studies of dye adsorption onto chitosan are related to textile
yes [1,3,5,9,10], food dyes have rarely been investigated [11,12].

In food dye adsorption onto chitosan, kinetic and mechanism are
mportant factors that control the process [8]. Kinetics control effi-
iency of the process [3] and explain how fast the reaction occurs

nd also leads to information on the factors affecting the reaction
ate, and adsorption mechanism shows the interactions occurring
t the adsorbent/adsorbate interface [8] in particular. In order to
escribe the adsorption kinetic process, adsorption reaction models

∗ Corresponding author. Tel.: +55 53 3233 8648; fax: +55 53 3233 8745.
E-mail address: dqmpinto@furg.br (L.A.A. Pinto).

304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.01.016
miosorption.
© 2011 Elsevier B.V. All rights reserved.

(pseudo-first-order, pseudo-second order and Elovich equations)
are applied [13]. These models are satisfactory in various cases, but,
not always gives enough information to establish the adsorption
mechanism [14], so, to elucidate a mechanism completely, adsorp-
tion diffusion models are used [13]. This way, a complete study
to elucidate adsorbent/adsorbate interactions involves adsorption
reaction models and adsorption diffusion models.

In general, the mechanism for dye removal by adsorption
involves bulk diffusion, film diffusion, intraparticle diffusion and
chemical reaction. In acid dye adsorption onto chitosan, bulk diffu-
sion can be negligible [8] and chemical reaction is very fast [15], so,
generally, the process is controlled by film diffusion or/and intra-
particle diffusion. These mechanisms can be affected by various
factors, including pH, ionic strength, dye concentration, dye chem-
istry, chitosan dosage and stirring rate. Stirring rate is an important
parameter in adsorption phenomena, influencing the distribution
of the solute in the bulk solution and the formation of the external
boundary film [16]. A limited number of studies were carried out
in relation to stirring rate effect on dye adsorption onto chitosan
[17,18]. In addition, in these studies, stirring rate range changed
from 100 to 200 rpm. Thus, an ample study of stirring rate range
of food dye adsorption onto chitosan is desirable in order to verify
how it affects adsorption behavior.
The aim of this study was to analyze stirring rate effect in the
kinetic and mechanism of adsorption of acid blue 9 and food yel-
low 3 onto chitosan. Kinetic data were evaluated according to
adsorption reaction models (pseudo-first-order, pseudo-second-
order and Elovich equations) and mechanisms were evaluated

dx.doi.org/10.1016/j.jhazmat.2011.01.016
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:dqmpinto@furg.br
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Fig. 1. Chemical structures of the d

ccording to HSDM model and film diffusion model. Infra-red anal-
sis was carried out in order to verify adsorption nature.

. Materials and methods

.1. Adsorbate

Two food dyes were used in this study, the azo dye food yel-
ow 3 (color index 15,985, molar mass 452.37 g mol−1, purity 85%)
nd triarylmethane dye acid blue 9 (color index 42,090, molar
ass 792.84 g mol−1, purity 85%) (Plury Chemical Ltd., Brazil). Fig. 1

hows chemical structure of the dyes. All other utilized reagents
ere of analytical-reagent grade. Distilled water was used to pre-
are all solutions.

.2. Adsorbent

The adsorbent used in this work was chitosan powder. Chitosan
aste was obtained from shrimp wastes [19], dried [20] and char-
cterized according to particle size (D) (Sauter definition), molar
eight (Mw) (viscosimetric method) [21] and deacetylation degree

DD) (FT-IR analysis) [22]. Chitosan powder showed D = 70 �m,
w = 150 kDa and DD = 86%.

.3. Adsorption experiments

Chitosan samples (250 mg) were diluted in 0.8 L of distilled
ater and had their pH corrected (pH 3) with dissodic phos-
hate/citric acid 0.1 N. The pH 3 was chosen because according to
rini and Badot [8] an optimal range for dye adsorption onto chi-
osan is from 3 to 6, and below this range, usually a large excess
f competitor anions limits adsorption efficiency. In addition, pre-
iminary tests showed that the pH decrease from 6 to 3 caused
n increase in adsorption capacity. Preliminary tests were carried
ut in order to verify the chitosan stability in relation to pH. These
ests showed that in the range of experiments, chitosan maintain
ts total integrity and gel structure was not formed. This manner, in
he range of experiments, adsorption dyes occurred only in chitosan
oluble powder.

Solutions were agitated for 30 min so that pH reached the equi-
ibrium, this being measured (Mars, MB10, Brazil) before and after
he adsorption process. 50 mL of solution were added with 2 g L−1

f dye to each solution of chitosan, and completed to 1 L with dis-
illed water, so that the initial concentration of dye was 100 mg L−1

n all solutions [3].
The experiments were carried out in a jar test (Miller, JP101,

razil) under room temperature (25 ± 1 ◦C). The stirring rates used
ere 15, 50, 100, 200 and 400 rpm. This range was based in prelim-

nary tests (the tests showed that the adsorption capacity is not

nfluenced in stirring rate above 400 rpm, and reaching a maxi-

um value in this condition). Aliquots were removed in intervals
f preset times (2–120 min). To obtain the equilibrium adsorption
apacity (qe), aliquots were removed in 24, 36 and 48 h. Dye con-
entration was determined by spectrophotometer (Quimis, Q108
) acid blue 9 and (b) food yellow 3.

DRM, Brazil) at 408 and 480 nm for acid blue 9 and food yellow 3,
respectively. Adsorption capacity at time t (qt) was determined by
Eq. (1):

qt = V(C0 − Ct)
m

(1)

where V is the volume of solution (L), m is the chitosan amount (g),
C0 and Ct are the initial dye concentration in liquid phase and at the
concentration after time t (mg L−1).

2.4. Kinetic models

In order to analyze adsorption kinetic behavior of acid blue 9
and food yellow 3 onto chitosan, adsorption reaction models were
used [5,9,10,23,24].

The kinetic models of pseudo-first order and pseudo-second
order assume that adsorption is a pseudo-chemical reaction, and
the adsorption rate can be determined, respectively, for equations
of pseudo-first (Eq. (2)) and pseudo-second order (Eq. (3)) [25]:

qt = q1(1 − exp(−k1t)) (2)

qt = t

(1/k2q2
2) + (t/q2)

(3)

where qt is the adsorbate amount adsorbed at time t (mg g−1), k1
and k2 are the rate constants of pseudo-first and pseudo-second-
order models, respectively, in (min−1) and (g mg−1 min−1), q1 and
q2 are the theoretical values for the adsorption capacity (mg g−1)
and t is the time (min).

When the adsorption processes occurs through chemiosorption
in solid surface, and the adsorption velocity decreases with time
due to covering of the superficial layer, the Elovich model is most
used. The Elovich kinetic model is described according to Eq. (4)
[26]:

qt = 1
a

ln(1 + abt) (4)

where “a” is the initial velocity due to dq/dt with qt = 0
(mg g−1 min−1) and “b” is the desorption constant of the Elovich
model (g mg−1).

2.5. Mechanism models

To indentify the different mechanisms that occur in the process,
the adsorption capacity as a function of the square root of time was
plotted [27]. In order to estimate film diffusion and intraparticle
diffusion values, experimental data were fitted with film diffusion
model and HSDM model.

Crank [28], based in Fick law showed a model for diffusion in

the boundary layer between adsorbent and the solution (film dif-
fusion), this model is shown in Eq. (5):

qt

qe
= 6

(
Df

�R2
p

)0.5

t0.5 (5)
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In Figs. 2 and 3, it can be observed that food yellow 3 adsorp-

tion capacity was higher than acid blue 9 adsorption capacity. This
occurs because acid blue 9 molar weight is higher than food yel-
low 3 molar weight, and acid blue 9 is more ramified, so, causing
66 G.L. Dotto, L.A.A. Pinto / Journal of H

here Df is the film diffusivity (m2 min−1) and Rp is the average ray
f the adsorbent particle (m) and qe is the equilibrium adsorption
apacity (mg g−1).

When mass transfer resistance is internal, intraparticle diffusion
ontrols the process. In this case considering diffusivity constant,
article amorphous, homogeneous and spherical, and the external
esistance being negligible, the adsorption process can be repre-
ented by HSDM model, Eq. (6) [13,29]:

∂q

∂t
= DP

(
∂2q

∂r2
+ 2

r

∂q

∂r

)
(6)

Using appropriate boundary and initial conditions, and consid-
ring a linear isotherm between initial and final concentration, for
nite volume process, Crank [28], developed a solution that can be
pproximated to the first term of series when the Fourier number
s higher than 0.2, Eq. (7):

q

qe
= 1 −

[
6˛(˛ + 1)exp(−q2

nDPt/R2
P)

9 + 9˛ + q2
n˛2

]
(7)

here DP is the intraparticle diffusivity (m2 min−1), ˛ is the
ffective volume ratio, expressed as a function of the equilib-
ium partition coefficient (solid/liquid concentration ratio) and is
btained by the ratio (Ce/C0 − Ce) and qn represents the non-zero
olutions of Eq. (8):

an qn = 3qn

3 + ˛q2
n

(8)

.6. Regression analysis

The coefficients of the kinetic and mechanisms equations were
etermined by nonlinear regression, using Statistic 6.0 software
Statsoft, USA), verifying its fit through correlation coefficients (R2)
nd average relative error (ARE) (Eq. (9)):

RE = 100
n

n∑
1

qt,exp − qt,pre

qt,pre
(9)

here qt,exp and qt,pre are the experimental values of adsorption
apacity in time “t” and obtained from kinetics and mechanism
odels.

.7. Adsorption nature

Adsorption process nature was verified through infra-red anal-
sis (FT-IR analysis). Chitosan samples were removed before and
fter the adsorption process, and were dried (105 ◦C) until constant
eight. Later, samples were macerated and submitted to the spec-

roscopic determination in the region of the infra-red ray (Prestige
1, the 210045, Japan), using the technique of diffuse reflectance

n potassium bromide [30].

. Results and discussion

.1. Stirring rate effect in adsorption kinetic

In order to analyze the stirring rate effect in adsorption kinetic
ehavior, adsorption capacity values were plotted as a function of
ime. Figs. 2 and 3 show, adsorption capacity as a function of time
or acid blue 9 and food yellow 3, respectively, in all stirring rates
tudied.
In Figs. 2 and 3, the kinetic curves showed that in all stirring rates
or both dyes, adsorption was fast, reaching about 80% of satura-
ion in 30 min. Later, adsorption rate decreased considerably. Fast
inetic is characteristic in dye–chitosan systems and is desirable in
astewater treatment because it leads high adsorption capacities
Fig. 2. Acid blue 9 adsorption capacity with different stirring rate.

in short times. Kyzas and Lazaridis [31] obtained similar results in
their work; they used chitosan and chitosan derivatives to remove
remazol yellow and basic yellow 37 by adsorption, and obtained up
to 95% of dye removal percentage in 50 min.

In Fig. 2 it can be observed that the increase in stirring rate
from 15 to 400 rpm leads to a large increase in acid blue 9 adsorp-
tion capacity, from 110 mg g−1 to 220 mg g−1. In the same way,
for the food yellow 3 (Fig. 3), an increase in stirring rate from
15 to 400 rpm increased adsorption capacity from 220 mg g−1 to
350 mg g−1. According to Crini and Badot [8] this behavior can be
explained because an increase in the degree of agitation increased
the mobility of the system. In addition, agitation increase by
increase of stirrer speed lowers the external mass transfer effect.
Similar behavior was found by Uzun and Guzel [17] in adsorption
of orange II and crystal violet onto chitosan. On the other hand, the
stirring rate increase from 50 to 100 rpm, for acid blue 9, and from
50 to 200 rpm for food yellow 3 caused a little increase in adsorption
capacity. According to Ruthven [29], this occurs because, the stir-
ring rates from 50 to 200 are in the average range of agitations rates,
and generally in this range occurs little alterations in adsorption
Fig. 3. Food yellow 3 adsorption capacity with different stirring rate.
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ifficulty in dye diffusion. This behavior was observed by Cestari
t al. [32] in adsorption of anionic dyes on chitosan beads. In this
tudy they show that dimensions of the dye organic chains, amount
nd positioning of the sulfonate groups of the dyes influence dye
dsorption by chitosan.

Pseudo-first-order, pseudo-second-order and Elovich models
ere used to fit the experimental data and thus elucidate the

dsorption kinetics. Parameters of pseudo-first-order, pseudo-
econd-order and Elovich models, coefficients of determination
R2) and average relative error (ARE) are shown in Table 1.

In Table 1 it can be observed that in all stirring rates for both dyes,
seudo-first-order model did not show a good fit with experimen-
al data (R2 < 0.95 and ARE > 5%). Pseudo-first-order model assumes
hat adsorption occurs due to a concentration difference between
dsorbate surface and solution. This occurs only in adsorption and
egins when external mass transfer coefficient controls the pro-
ess [8]. This shows that adsorption of acid blue 9 and food yellow
onto chitosan was not only controlled by external mass transfer

oefficient.
On the other hand, pseudo-second-order and Elovich models

howed a good fit with experimental data (R2 > 0.95 and ARE < 5%)
Table 1). Pseudo-second-order model had the same equation for
nternal and external mass transfer mechanism [25], and Elovich

odel is used when chemiosorption occurs and adsorption rate
ecreases with time due to saturation of adsorption sites in the
urface [26]. In this manner, a good fit with pseudo-second-order
nd Elovich model suggest that adsorption of acid blue 9 and food
ellow 3 onto chitosan occurs by internal and external mass trans-
er mechanisms, the adsorption process being by chemical nature.
imilar behavior was obtained by Singh et al. [10] in dyes adsorption
nto grafted chitosan. In their work pseudo-second-order model
as satisfactory to represent experimental data, admitting the

hemical nature of dye adsorption onto grafted chitosan.
Kinetic analysis showed that adsorption of acid blue 9 and food

ellow 3 onto chitosan had a fast kinetic, and the stirring rate
ncrease caused an increase in adsorption capacity. In all stirring
ates used, the process occurs through external and internal mass
ransfer mechanism, adsorption being by chemical nature.

.2. Stirring rate effect in adsorption mechanism

To identify the mass transfer steps in different stirring rates
dsorption capacities as a function of square root of time were plot-
ed [27]. According to Weber and Morris [27], the plot qt versus
1/2 shows multi linearity, and each portion represents a distinct

ass transfer mechanism. The first portion is the external mass
ransfer (film diffusion) or instantaneous adsorption step. The sec-
nd portion is the gradual adsorption step where the intra-particle
iffusion can be rate controlling. The third portion is the final equi-

ibrium step where the intra-particle diffusion starts to slow down
ue to the extremely low solute concentration in the solution [33].

n addition, if the regression passes through the origin, then intra-
article diffusion is the sole rate-limiting step. Figs. 4 and 5 show,
espectively, the Weber and Morris plots for acid blue 9 and food
ellow 3 in all stirring rates used.

From Figs. 4 and 5, multi linearity with two distinct phases can
e observed. The initial portion relates to the boundary layer dif-
usion (film diffusion). The second portion describes the gradual
dsorption step, where intraparticle diffusion control is rate limit-
ng. This shows that film diffusion and intra-particle diffusion were
imultaneously operating during the adsorption process of acid

lue 9 and food yellow 3 onto chitosan. Stirring rate increase caused
decrease in film diffusion effect, and consequently, increase in

ntraparticle diffusion effect (Figs. 4 and 5). For both dyes, using
5 rpm, the process occurs by film diffusion until 40 min, but, when
tirring rate was increased to 400 rpm the process occurs by film Ta
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Fig. 4. Stirring rate effect in adsorption mechanism of acid blue 9.

iffusion until 20 min. This behavior can be explained because
tirring rate increase causes a decrease in film thickness and con-
equently decreases boundary layer diffusion resistance.

In order to estimate film diffusivity and intraparticle diffusivity,
xperimental data relative to first portion of Weber–Morris plot
as fitted with film diffusion model (Eq. (5)), and experimental
ata of second portion were fitted with HSDM solution (Eq. (7)).
able 2 shows film and intraparticle diffusivity values, correlation
oefficients (R2) and average relative error (ARE).

In Table 2 it can be observed that film diffusion model showed
good fit with experimental data relative to first portion of
eber–Morris plot, and HSDM model showed a good fit with exper-

mental data of second portion (R2 > 0.95 and E < 5%), justifying
dsorption mechanisms. Thus, film and intraparticle diffusivities
ere estimated. For both dyes, the increase in stirring rate caused

n increase in film diffusivity. According to Suzuki [34], in adsorp-
ion systems, the stirring rate increase causes an increase in film
iffusivity. This increase in film diffusivity facilitates food dye
iffusion, increasing adsorption capacity. The intraparticle diffu-
ivity increase was a consequence only of adsorption capacity

ncrease. Intraparticle diffusivity value largely depends on the sur-
ace properties of adsorbents and adsorption capacity [29], being
ndependent of stirring rate.

Comparing film diffusivities with intraparticle diffusivities
Table 2) it can be observed that in all stirring rates, the process

Fig. 5. Stirring rate effect in adsorption mechanism of food yellow 3.
Fig. 6. FT-IR analysis: (a) chitosan, (b) chitosan adsorbed with acid blue 9, and (c)
chitosan adsorbed with food yellow 3.

was controlled by film diffusion (Dp > Df). This suggests that after
dye molecules cross the boundary layer, they are rapidly adsorbed
into chitosan adsorption sites. Similar behavior was observed by
Noroozi et al. [33] in cationic dye adsorption onto silkworm pupa.
In their work, assumed that film diffusion and intraparticle diffu-
sion were simultaneously operating during the process, but, film
diffusion was the rate-limiting process.

The mechanism analysis showed that food dyes adsorption onto
chitosan occurred by film diffusion and intraparticle diffusion, and
stirring rate increase caused a decrease in film diffusion effect.
Stirring rate increase caused an increase in film diffusivity, and
adsorption capacity increase caused an increase in intraparticle dif-
fusivity. In all stirring rates adsorption process was controlled by
film diffusion.

3.3. Adsorption nature

Fig. 6 shows FT-IR analysis of (a) chitosan, (b) chitosan adsorbed
with acid blue 9, and (c) chitosan adsorbed with food yellow 3.

In Fig. 6(a), peaks in 1556 cm−1(–NH2), 1640 cm−1 (amide I
band), 1020 cm−1 and 1080 cm−1 (C–N), 2933 cm−1 (N–H) can be
observed. These peaks are involved in the functional group of
amine on chitosan polymer. In addition, in 3470 cm−1 the hydroxyl
groups linked in the chitosan structure can be observed. After the
adsorption process it can be observed in Fig. 6(b) and (c) that at
peaks 1556 cm−1 and 1640 cm−1 were shifted to peaks 1570 cm−1

and 1670 cm−1, respectively, in addition, a new peak appeared
in 1340 cm−1. According to Sakkayawong et al. [30] the peak in
this area is a sulfonated group in the ring of the dye. These peaks
changes and a new peak confirm the attachment of dyes sulfonate
groups on the chitosan amino groups. In addition, peak 3470 cm−1
(Fig. 6(a)) changed to 3600 and 3610 cm−1 (Fig. 6(b) and (c)),
showing hydroxyl groups protonation and its attachment on sul-
fonated groups of the dyes. Interactions between chitosan amino
groups and sulfonated groups of the dyes were related by other
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Table 2
Film diffusion and intraparticle diffusivity models.

Dye Stirring rate (rpm) Film diffusion model HSDM model

Df × 1014 (m2 min−1) R2 ARE (%) Dp × 1014 (m2 min−1) R2 ARE (%)

Acid blue 9 15 4.7 0.99 0.4 38 0.98 0.3
50 16.6 0.99 1.2 109 0.97 0.2

100 18.0 0.99 1.7 113 0.97 0.4
200 53.8 0.99 1.4 275 0.97 1.0
400 63.3 0.96 2.2 521 0.97 0.8

Food yellow 3 15 24.6 0.99 1.5 48 0.97 0.1
0
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. Conclusion
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