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ABSTRACT: The kinetics and mechanism of the food dye disodium 6-hydroxy-5-((2-methoxy-5-methyl-4-sulfophenyl)azo)-2-
naphthalenesulfonate (FD&CRed 40) adsorption onto chitosan were studied. The effects of pH (5.7 to 7.4), chitosan dosage [(250
to 500) mg 3 L

�1], deacetylation degree (42 % to 84 %), and particle size [(0.10 to 0.26) mm] were investigated. The adsorption
reaction models were used to evaluate the kinetic behavior. Infrared analysis and models based on mass transfer phenomena were
used to investigate the adsorption mechanism. The maximum adsorption capacity (300 mg 3 g

�1) was found at a pH 5.7, chitosan
dosage of 250mg 3 L

�1, deacetylation degree of 84%, and particle size of 0.10mm. Pseudosecond-order and Elovichmodels were the
most appropriate to fit the experimental data of adsorption kinetics. The adsorption process was controlled by intraparticle diffusion,
film diffusion, or convection according to the experimental conditions. Infrared analysis showed the chemical interaction between
chitosan and food dye FD&C Red 40.

’ INTRODUCTION

Many industries use a variety of dyes to color their products, for
example, in the textile, rubber, paper, plastics, leather, cosmetics,
food, and mineral processing industries.1 The azobenzene dye
disodium 6-hydroxy-5-((2-methoxy-5-methyl-4-sulfophenyl)azo)-
2-naphthalenesulfonate (FD&C Red 40; Figure 1) is used in food,
pharmaceutical, and cosmetics industries. There has been a increase
in production and utilization of dyes in the last few decades, and
because of its low fixation degree, a large amount of this dye is
discharged into effluents.2,3 The discharge of dyes into receiving
waters causes extremely toxic effects to aquatic life even at low
concentrations.4 Thus, several governments have established envir-
onmental restrictions with regard to the quality of colored waste-
water, and they have obligated the industries to remove dyes from
their effluents before discharging.5 Some methods are used to
remove dye from effluents, such as electroflocculation, membrane
filtration, electrochemical destruction, ion-exchange, irradiation,
precipitation, and ozonation. However, these technologies are
generally ineffective in color removal, expensive, and less adaptable
to a wide range of dye wastewaters.6 Adsorption has been studied as
an alternative to treat effluents contaminated with dyes, due to an
low initial investment, simplicity of project and operation, no
toxicity, and higher efficiency than the conventional processes.7

Many alternative adsorbents to remove dye from aqueous
solutions were studied in the literature, such as almond shell,4 acai
stalks,8 palm shell powder,9 rice husk ash,10 fly ash,11 date stones,12

and sep tiolite.13 The adsorption onto chitosan is one of the
emergent methods for the dye removal. Chitosan is a cationic
polysaccharide prepared from the chitin deacetylation.7 The major-
ity of works about dye removal onto chitosan use commercial
chitosanwith defined characteristics or chitosan derivates to remove
textile dyes;9,14�17 however, food dye adsorption onto chitosanwith
different characteristics is little investigated.18

Dye removal is based on various factors which include adsorbate�
adsorbent relationships (interactions).19 Kinetics and mechanism are

fundamental aspects to elucidate how the interactions between
adsorbent and adsorbate occur. Kinetics explains how fast the reaction
occurs, and also it leads to information on the factors affecting the
reaction rate. The adsorption mechanism shows the interactions
occurring at the adsorbent/adsorbate interface.7 Generally, the
adsorption kinetics is described using adsorption reaction models
or models based on mass transfer phenomena.1,4,7,9,20

In this work, the food dye FD&C Red 40 adsorption onto
chitosan was studied. The effects of chitosan dosage, pH,
deacetylation degree, and particle size on the adsorption kinetics
and mechanism were investigated. The adsorption reaction
models were used to investigate kinetic behavior. Infrared
analysis and models based on mass transfer phenomena were
used to determine the adsorption mechanism.

Figure 1. Chemical structure of FD&C Red 40.
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’EXPERIMENTAL SECTION

Adsorbate. The commercial food dye FD&C Red 40
(C18H14N2O8S2Na2, molecular weight 496.4 g 3mol�1, C.I.
16045, λmax = 500 nm, pKa = 11.4, chemical structure shown
in Figure 1) was supplied by a local manufacturer, Plury Chemical
Ltd., with a purity higher than 85 %. All other reagents were of
analytical grade. Distilled water was used to prepare all solutions.
Chitosan Production and Characterization. First, chitin was

obtained from shrimp (Farfantapenaeus brasiliensis) wastes by
demineralization, deproteinization, and deodorization steps.21

The chitin deacetylation was carried out at 403 K in a reactor
under heating and agitation (50 rpm), where 2 L of sodium
hydroxide solution (0.425 kg 3 L

�1) were added to 30 g of chitin.
The reaction times were (5, 25, and 100) min, to result in (42, 64,
and 84) % of the deacetylation degree, respectively.22 Chitosan
samples obtained were purified,21 dried,23 and sieved until the
particle sizes of (0.10( 0.02, 0.18( 0.02, and 0.26( 0.02) mm.
The deacetylation degree was determined by Fourier transform
infrared (FT-IR) analysis24 (Prestige 21, the 210045, Japan),
and the molecular weight of chitosan was determined by an
intrinsic viscosity method.21 In addition, chitosan with different
particle sizes was characterized in relation to the surface area,
average pore radius, and pore volume through the BET method3

(Quantachrome, Nova station A, USA). The chitosan molecular
weight was 145 ( 3 kDa. The results of the Brunauer�
Emmett�Teller (BET) analysis are presented in Table 1.
Batch Adsorption Experiments. In this study the effects of

chitosan dosage [(250, 375, and 500) mg 3 L
�1 of the powder

sample], pH (5.7, 6.6, and 7.4), deacetylation degree [(42 (
5, 64( 3, and 84( 3) %], and particle size [(0.10( 0.02, 0.18(
0.02, and 0.26 ( 0.02) mm] were investigated.
Chitosan powder samples were added in 0.8 L of distilled

water, and its pH was corrected for the study conditions through
the 50 mL addition of buffer dissodic phosphate/citric acid (0.1
mol 3 kg

�1), which did not present interactions with the dye. The
solutions were stirred for 30 min until pH reached the equilib-
rium, and the pH was measured before and after the adsorption
process by a pHmeter (Mars, MB10, Brazil). The potentiometric
cell for pH measurements consists in a glass electrode and a
thermometer connected in a signal processor. The calibration of
the glass electrode was carried out using buffers supplied by the
Mars Company. A solution (50 mL) with 2 g 3 L

�1 of dye
concentration was added to each chitosan solution, and it was
completed to 1 L with distilled water, so that the initial
concentration of dye was approximately 100 mg 3 L

�1 in all
solutions.18,20,25

Adsorption experiments were carried out in jar test (Miller,
JP101, Brazil), under constant agitation of 100 rpm and ambient
temperature (298( 1 K). Aliquots were removed in preset time
intervals [(2, 4, 6, 8, 10, 15, 20, 25, 30, 40, 50, 60, 80, 100, and

120)min] through filtration withWhatmann Filter Paper No. 40,
which did not present interaction with the dye. The dye
concentration was determined by spectrophotometry (Quimis,
Q108 DRM, Brazil) at 500 nm (the maximum wavelength of the
dye is not influenced by the pH value). Each kinetics experiment
was carried out in duplicate, and blanks (dye solutions without
adsorbent) were carried out in all experiments. The adsorption
capacity (qt) was determined by eq 1:

qt ¼ C0 � Ct

m
V ð1Þ

where C0 is the initial dye concentration in liquid phase
(mg 3 L

�1), Ct is the dye concentration in liquid phase at time t
(mg 3 L

�1),m is the adsorbent amount (g), andV is the volume of
solution (L).
Kinetic Models. The pseudofirst-order and pseudosecond-

order kinetic models assume that the adsorption is a pseudo-
chemical reaction, and the adsorption rate can be determined,
respectively, for the pseudofirst-order, eq 2, and pseudosecond-
order, eq 3 equations:26

qt ¼ q1ð1� expð � k1tÞÞ ð2Þ

qt ¼ t
ð1=k2q22Þ þ ðt=q2Þ ð3Þ

where k1 and k2 are the kinetic coefficients of the pseudofirst and
pseudosecond order (min�1 and g 3mg 3min�1), respectively,
and q1 and q2 are the theoretical values for the adsorption
capacity (mg 3 g

�1) found through the pseudofirst- and pseudo-
second-order models, respectively.
When the adsorption processes involve chemisorption in the

solid surface and the adsorption rate decreases with the time due
to covering of the superficial layer, the Elovich model, eq 4, is one
of the most used.27

qt ¼ 1
a
lnð1 þ abtÞ ð4Þ

where a is considered the initial rate due to (dq/dt) = awith qt = 0
(mg 3 g

�1
3min�1) and b is the desorption constant of the Elovich

model (g 3mg�1).
The kinetic coefficient values were determined from the fit of

the models to the experimental data through no linear regression
by software Statistic 6.0 (Statsoft, USA). The fit quality was
verified through the coefficient of determination (R2) and
average relative error (E), eq 5:18,20,25

E ¼ 100
n ∑

n

1

jqt, exp � qt, obsj
qt, obs

ð5Þ

where qt,exp and qt,obs are, respectively, the experimental value
and calculated value of adsorption capacity in time t.
Mechanism Models. The physical-chemical nature of the

adsorbate and adsorbent can affect external and internal diffusion
of the adsorption process.28

In the case of external convection, the model assumes that, for
short times, the diffusion step does not affect the adsorption
rate.28 The model can be described by eq 6:

qt
qe

¼ Co

Co � Ce
1� exp � kf

A
V
t

� �� �
ð6Þ

where (qt/qe) is the relation between the adsorption capacity
and the equilibrium adsorption and can be interpreted as the

Table 1. Surface Area, Average Pore Radius, and Pore
Volume of Chitosan with Different Particle Sizes

particle size (mm)

characteristics 0.10 0.18 0.26

surface areaa (m2
3 g

�1) 4.2( 0.1 3.4( 0.1 1.6( 0.1

average pore radiusa (Å) 25.1( 0.2 24.2( 0.2 24.7( 0.2

pore volumea (mm3
3 g

�1) 9.5( 0.1 4.8( 0.1 2.1( 0.1
aMean ( standard error, in triplicate.
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saturation adsorbent rate, Ce is the concentration in the liquid
phase at equilibrium (mg 3 g

�1), kf is the external convection
coefficient (m 3 s

�1), and A/V is the volumetric area of the
particle (m�1).
Crank29 presented solutions of models based on the Fick law

for the diffusion in the boundary layer between adsorbent and the
solution (eq 7) and for the internal particle diffusion (eq 8):

qt
qe

¼ 6
Df

πRp
2

 !0:5

t0:5 ð7Þ

qt
qe

¼ 1� exp ln
6
π2

� �
� Dpπ2

Rp
2 t

 ! !
ð8Þ

where Df and Dp are the external and internal diffusivity
coefficients (m2

3 s
�1) and Rp is the average radius of the

adsorbent particle (m).
The values of kf, Df, and Dp were calculated by fit of eqs 6 to 8

to the experimental data through an interactive process. The
model that presented the lower value of relative error was
considered the one that controlled the process during the time
interval; the average value of the considered relative error was
minimized using the tool Solver of Microsoft Excel.
The evaluation of the influence of each mechanism on the dye

adsorption resistance was found by a nondimensional Biot number
(NBi), which is the relation between the resistances to the convec-
tion and the diffusion,30 and it was calculated from eq 9:

NBi ¼ kfdC0

2FaDpq0
ð9Þ

where d is the particle size (m), Fa is the adsorbent density
(kg 3m

�3), and q0 is the adsorption capacity (mg 3 g
�1) considering

Ce = C0.

FT-IR Analysis. To verify chitosan�dye interactions, FT-IR
analysis was carried out in the more adequate conditions of
the adsorption process. Chitosan samples before and after the
adsorption were dried (378 K) until constant weight. After this,
the samples were macerated and carried out in the spectroscopic
determination in the region of the infrared ray (Prestige 21, the
210045, Japan), using the technique of diffuse reflectance in
potassium bromide.31

’RESULTS AND DISCUSSION

Adsorption Kinetics. Table 2 shows the calculated parameter
values of the pseudofirst-order, pseudosecond-order, and Elovich
models and its respective coefficient of determination and the
average relative error values, for different chitosan dosages (m),
pH, deacetylation degree (DD), and particle size (d).
In Table 2, the coefficient of determination (R2 > 0.97) and the

average relative error (E < 10 %) of the pseudosecond-order and
Elovich models shows that these models were satisfactory to
represent the experimental data. This suggests that the adsorp-
tion of FD&C Red 40 onto chitosan occurred through internal
and external mass transfer and chemisorption was an important
step in process. Similar results were found by other researchers,
in basic dye adsorption onto the almond shell4 and in the
adsorption of acid blue 9 and food yellow 3 onto chitosan.20

The theoretical adsorption capacity values of the pseudofirst-
and pseudosecond-order models, q1 and q2, in Table 2, show that
both of the models underestimate this parameter when com-
pared with the values calculated from the experimental adsorp-
tion isotherms, qe (Table 2). This shows that both models were
not capable to represent the experimental data until the end of
the adsorption.
The effects of chitosan dosage, pH, deacetylation degree, and

particle size on FD&C Red 40 adsorption kinetics were shown in
Figures 2, 3, 4, and 5, respectively.

Table 2. Kinetic Parameters for the Adsorption of FD&C Red 40 by Chitosan

pseudofirst order pseudosecond order Elovich model

calcd qek1 q1 E 104 k2 q2 E a b E

effect min�1 mg 3 g
�1 R2 % g 3mg

�1
3min�1 mg 3 g

�1 R2 % mg 3 g
�1

3min�1 g 3mg�1 R2 % mg 3 g
�1

Chitosan Dosage (pH = 6.6; DD = 84 ( 3 %; d = 0.10 ( 0.02 mm)

250 mg 3 L
�1 0.070 166.1 0.93 13.8 4.59 191.6 0.97 8.3 0.025 35.1 0.99 2.5 314.3

375 mg 3 L
�1 0.073 153.1 0.94 12.8 5.13 176.8 0.98 7.2 0.027 33.2 0.99 1.2 236.3

500 mg 3 L
�1 0.087 150.4 0.93 12.4 6.51 171.5 0.97 6.9 0.03 45.7 0.99 1.3 183.6

pH (m = 250 mg 3 L
�1; DD = 84 ( 3 %; d = 0.10 ( 0.02 mm)

5.7 0.472 277.1 0.94 6.3 24.62 299.2 0.99 3.2 0.029 4770.2 0.99 2.1 296.2

6.6 0.070 166.1 0.93 13.8 4.59 191.6 0.97 8.3 0.025 35.1 0.99 2.5 314.3

7.4 0.084 65.4 0.96 9.3 14.86 74.1 0.97 6.5 0.069 19.3 0.98 6.2 70.8

Deacetylation Degree (m = 250 mg 3 L
�1; pH = 6.6; d = 0.10 ( 0.02 mm)

42 ( 5 % 0.046 147.2 0.95 13.2 2.88 177.4 0.98 7.6 0.023 14.2 0.99 4.3 227.7

64 ( 3 % 0.036 156.1 0.97 12.5 1.90 184.0 0.99 8.9 0.02 10.4 0.99 4.5 240.8

84 ( 3 % 0.070 166.1 0.93 13.8 4.59 191.6 0.97 8.3 0.025 35.1 0.99 2.5 314.3

Particle Size (m = 250 mg 3 L
�1; pH = 6.6; DD = 84 ( 3 %)

0.10 ( 0.02 mm 0.070 166.1 0.93 13.8 4.59 191.6 0.97 8.3 0.025 35.1 0.99 2.5 314.3

0.18 ( 0.02 mm 0.043 128.2 0.98 8.9 2.84 157.5 0.99 3.8 0.025 10.3 0.99 3.2 235.5

0.26 ( 0.02 mm 0.033 84.5 0.94 17.6 3.32 104.9 0.97 13 0.036 5.2 0.98 7.9 183.4
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Chitosan Dosage Effect. The chitosan dosage effect did not
present a difference in the adsorption capacity in the first half-
hour; however, after this time the increase in chitosan dosage
leads to a decrease in adsorption capacity (Figure 2). This
behavior can be explained due to the aggregation of adsorption
sites; that is, it results in a decrease in total area available of the
adsorbent surface to the dye and an increase in diffusion path
length.12 Other researchers showed that the increase in the
amount of aqai stalks caused a large decrease in the adsorption
capacity of Reactive Black 5 and Reactive Orange 16.8

pH Effect. Figure 3 shows that the pH decrease is caused by a
large increase in the adsorption capacity of FD&CRed 40. In acid
pH (5.7) the amino group of chitosan is protonated to form
�NH3

+, leading to repulsion between the polymeric chains and
increasing the solubility in the solution. In this way, the proto-
nated amine attracts the sulfonated group of the dye, that in
solution is �SO3

�, and the adsorption occurs through an
electrostatic interaction. On the other hand, in alkaline condi-
tions of pH (7.4), the amino groups are not protonated, and the
interaction between the dye and the adsorbent occurs by van der
Waals forces. The adsorption occurs preferentially for physical
interaction, decreasing the adsorption capacity. Other researchers25

found that the adsorption capacity of the dye acid blue 9 by chitosan
decreases approximately from(219 to 87)mg 3 g

�1with the increase
of pH from 3 to 5.
Deacetylation Degree Effect. Figure 4 shows no verified

alteration in the adsorption capacity due to the increase of the
deacetylation degree from (42 ( 5 to 64 ( 3) % in the

experimental time, but an increase from (64 ( 3 to 84 ( 3) %
increased the adsorption capacity. This behavior can be explained
due to two facts: First, the increase in deacetylation degree causes a
reduction in the material crystallinity; thus the material porosity
increases, and it facilitates the adsorption of physical nature.7

Second, the increase in deacetylation degree leads to an increment
in the amount of available amino groups of chitosan to be
protonated and thus to make chemical nature adsorption of the
dye. Similar works using chitosan31 observed that the removal of the
dye Reactive RedNo. 141 presented an increase from (63.9 to 81.9)
% with the increase of the deacetylation degree from (48 to 90) %.
Particle Size Effect. In Figure 5 and Table 2, the adsorption

capacity values increase considerably with the reduction of the
particle size. This occurs because particle size reduction leads to
an increment of the surface area and pore volume of the
adsorbent, as shown in Table 1; consequently, more adsorption
sites are exposed.7 Similar results were obtained by other
researchers.6,7,18,19

The kinetic study showed that the pseudosecond-order and
Elovich models were satisfactory to represent all experimental data,
and it indicates the chemisorption. The best adsorption capacity was
300 mg 3 g

�1 obtained at pH 5.7, chitosan dosage 250 mg 3L
�1,

deacetylation degree 84 %, and particle size 0.10 mm.
Adsorption Mechanisms. Table 3 presents the values of the

external convection (kf), external diffusion (Df), internal diffusion

Figure 2. Chitosan dosage effect on the adsorption kinetics of food dye
FD&C Red 40: b, m = 250 mg 3 L

�1; 9, m = 375 mg 3 L
�1; 2, m = 500

mg 3 L
�1; —, pseudosecond-order model; - - -, Elovich model.

Figure 3. pH effect on the adsorption kinetics of food dye FD&C Red
40:b, pH 5.7;9, pH 6.6;2, pH 7.5;—, pseudosecond-order model; - - -,
Elovich model.

Figure 4. Chitosan deacetylation degree effect on the adsorption
kinetics of food dye FD&C Red 40: 2, DD = 42 ( 5 %; 9, DD = 64
( 3 %; b, DD = 84 ( 3 %; —, pseudosecond-order model; - - -,
Elovich model.

Figure 5. Particle size effect on adsorption kinetics of food dye FD&C
Red 40: b, d = 0.10( 0.02 mm; 9, d = 0.18( 0.02 mm;2, d = 0.26(
0.02 mm; —, pseudosecond-order model; - - -, Elovich model.
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(Dp) coefficients, and the Biot number (NBi) of themodels based in
the mass transfer mechanisms for the adsorption of the food dye
FD&C Red No. 40 by chitosan under different conditions.
Table 3 shows that the external convection coefficient (kf)

values decreased with the increase of pH from 5.7 to 7.5. The
internal diffusion coefficients (Dp) presented lower values at pH
6.6. The external diffusion coefficients (Df) were higher than the
internal (Dp) values only at neutral pH. The behaviors of the
mass transfer mechanisms showed that 70 % of the chitosan
saturation was reached in the first 20 min of the adsorption
process for pH values from 5.7 to 7.5. In these conditions, the
mechanisms that had controlled the adsorption process were the
convection for acid pH and the film diffusion in neutral pH. The
first fact can be explained by the protonation of chitosan that
leads to the repulsion of the polymeric chains, increasing the
solubility in the solution and changing the adsorption area. In
neutral conditions, the interaction between the dye and chitosan
occurs by van der Waals forces, and the adsorption occurs
preferentially for physical interaction.7 The decrease of the
internal diffusive effect on the adsorption mechanism in these
conditions can be observed by the low values of the Biot number.
At the pH of 6.6, the diffusive mechanism presented an increase
of the resistance on the adsorption process, and it leads to an
increase in the Biot number. In a range of pH between 6.5 and
6.7, all chitosan amino groups are protonated; however, the
repulsion of the polymer chains only occurs with pH lower than
6.5, and the adsorption occurs in the interior of the particle.7

The effect of the deacetylation degree on the coefficient values
in Table 3 shows a decrease in the resistance to the mass transfer
due to convection with the increase of the deacetylation degree,
which can be observed by the increase of the convection
coefficient values. However, when the internal diffusion starts
to take control, the process has an inverse effect of the deacetyla-
tion degree on the resistance to the adsorption process; there-
fore, the values of Dp for the deacetylation degree of 84 ( 3 %

were almost two times lower. The predominance of the diffusive
mechanism on the control of the adsorption process can be
verified by the increase of the Biot number with the increase of
the deacetylation degree.
In Table 3 a decrease in the convection resistance with

increasing particle size is observed. The external and internal
diffusion coefficients had a constant increase with increments of
the particle size. The Biot number demonstrates that the increase
of the adsorption capacity due to the reduction of the particle size
occurs, in its majority, because of the formation of a thick
dye layer on the chitosan surface, and the increment of the
particle size leads to an increase of the necessary time so that the
equilibrium occurs.
Figure 6 shows FT-IR analysis of chitosan in acid conditions,

and it was carried out before and after the adsorption process.

Table 3. Convection, Internal, and External Diffusion Coefficient Values and Biot Number Calculated to the Adsorption of Food
Dye FD&C Red 40 by Chitosan

104 kf 1013 Df 1013 Dp

effect m 3 s
�1 m2

3 s
�1 m2

3 s
�1 NBi

Chitosan Dosage (Sample Powder) (pH = 6.6; DD = 84 ( 3 %; d = 0.10 ( 0.02 mm)

250 mg 3 L
�1 7.56 2.87 1.40 46.4

375 mg 3 L
�1 6.62 4.81 3.08 18.5

500 mg 3 L
�1 8.23 8.88 8.27 8.6

pH (Dosage = 250 mg 3 L
�1; DD = 84 ( 3 %; d = 0.10 ( 0.02 mm)

5.7 74.71 62.12 61.80 11.1

6.6 7.56 2.87 1.40 46.4

7.4 2.91 9.05 16.43 5.1

Deacetylation Degree (DD) (Dosage = 250 mg 3 L
�1; DD = 84 ( 3 %; d = 0.10 ( 0.02 mm)

42 ( 5 % 3.74 2.30 2.56 17.9

64 ( 3 % 4.08 1.86 2.22 20.0

84 ( 3 % 7.56 2.87 1.40 46.4

Particle Size (d) (Dosage = 250 mg 3 L
�1; pH = 6.6; DD = 84 ( 3 %)

0.10 ( 0.02 mm 7.56 2.87 1.40 46.4

0.18 ( 0.02 mm 6.33 3.68 2.81 30.1

0.26 ( 0.02 mm 5.37 5.97 4.80 40.0

Figure 6. FT-IR analysis of chitosan: (a) before adsorption process;
(b) chitosan saturated with food dye FD&C Red 40.
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Figure 6 (curve a) shows the bands 3425.6 cm�1 of OH linked to
a structure of chitosan. The bands of 1062.8 cm�1 indicate the
stretching of linking C�O�C presents in the existing cycle
on the chitosan molecule. The stretching of primary amine
linking N�H, characteristic of chitosan, meets in the band of
2922.2 cm�1. The amine deformation can be observed in the
bands of (1562.3 and 1415.8) cm�1. However, after the adsorp-
tion process in acid conditions, Figure 6 (curve b), it is possible to
observe the bands of (1267.2 and 1211.3) cm�1 corresponding
to the stretching of aromatic rings and the sulfonated groupings
presented in the dye structure, respectively. Besides, the bands on
(1562.3 and 1415.8) cm�1 are modified to the bands on (1543.0
and 1379.1) cm�1 due to the electrostatic interaction between
the amine protonated group of chitosan (�NH3

+) and sulfo-
nated group of dye (�SO3

�) that leads to the chemical nature of
the adsorption process.
The mechanism study showed that the adsorption of FD&C

Red 40 onto chitosan was strongly dependent on experimental
conditions and chitosan characteristics. The process may be
controlled by intraparticle diffusion, film diffusion, or convection,
depending on the experimental conditions. In the best condi-
tions, adsorption process was controlled by convection, and
chemisorption was observed.

’CONCLUSION

The present investigation showed that, in all conditions,
adsorption kinetics followed pseudosecond-order and Elovich
models (R2 > 0.97 and E% < 10 %) suggesting that chemisorp-
tion and internal and external mass transfer mechanisms were
important factors in the adsorption process.

It was verified that the decrease in the chitosan dosage, pH,
and the particle size and increase of the deacetylation degree
leads to an increase in adsorption capacity. The best result (300
mg 3 g

�1) was found in the following conditions: chitosan dosage
of 250 mg 3 L

�1 of powder sample, pH of 5.7, deacetylation
degree of 84( 3 %, and particle size of 0.10( 0.02 mm. In these
conditions, adsorption process was controlled by a convection
mechanism; however, in other conditions it was verified that the
limiting step in the adsorption rate was the film or intraparticle
diffusion. Through FT-IR analysis, it was possible to verify the
chemical nature of the adsorption process.
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