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" The adsorption of food dyes onto chitosan films was studied.
" The Redlich�Peterson model was the best to fit the equilibrium data.
" The maximum adsorption capacity was 194.6 mg g�1.
" The adsorption process was spontaneous, favorable and exothermic.
" Chitosan films were easily separated from the liquid phase after the adsorption.
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Chitosan films were applied to remove acid red 18 and FD&C blue no. 2 dyes from aqueous solutions. The
films were prepared by casting technique and characterized. Batch adsorption equilibrium experiments
were carried out at different temperatures (298–328 K). Freundlich, Langmuir and Redlich–Peterson
models were fitted to the experimental data. The thermodynamic parameters (DG0, DH0 and DS0) were
also estimated. Kinetic study was realized using pseudo-first order, pseudo-second order and Elovich
models. The possible films–dyes interactions were investigated by Fourier transform infrared spectros-
copy, differential scanning calorimetry and color parameters. The maximum experimental adsorption
capacities were 194.6 mg g�1 and 154.8 mg g�1 for the acid red 18 and FD&C blue no. 2, respectively,
obtained at 298 K. It was found that the Redlich–Peterson isotherm model presented satisfactory fit with
the experimental data (R2 > 0.98 and ARE < 9.00%). The adsorption process was spontaneous, favorable,
exothermic, and occurred by electrostatic interactions. The Elovich model was the more appropriate to
represent the adsorption kinetic data (R2 > 0.95 and ARE < 5.00%). The chitosan films maintained its struc-
ture and were easily separated from the liquid phase after the adsorption process.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Dyes are extensively used in food industries to improve the sen-
sorial aspects of its products [1]. Due to losses in the process, a con-
siderable amount of these food dyes are present in the industrial
effluents [2]. Dyes are visible to human eye and therefore, a highly
objectionable type of pollutant on aesthetic grounds. They also
interfere with the transmission of light and upset the biological
metabolism processes which cause the destruction of aquatic com-
munities present in ecosystem [3]. Therefore, the dye-containing
effluents from the food industries should be carefully treated before
discharge. Several techniques have been used to treat
dye-containing effluents [3–7]. Among these, adsorption with
chitosan is considered an alternative eco-friendly technology in
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relation to the existing costly water treatment technologies due
to low initial cost, ease of operation, insensitivity to toxic sub-
stances, and complete removal of dyes from dilute solutions [7–10].

Chitosan is a polysaccharide composed by polymers of glucosa-
mine and N-acetyl glucosamine [7]. Due to the advantages, coupled
with its biocompatibility and biodegradability, chitosan has been
successfully used by several researchers as an adsorbent for the
capture of dissolved dyes from aqueous solutions [7–16]. However,
it is very difficult to remove the dyes adsorbed by chitosan from
aqueous phase after the adsorption process [7]. An alternative to
solve this problem is the development of chitosan based materials,
which can facilitate the phase separation after adsorption [17].

Among the chitosan based materials (nanoparticles, gel beads,
membranes, films, sponge, fibers or hollow fibers) [17], chitosan
films are an attractive way to removal pollutants from aqueous
solutions, mainly due its good mechanical properties [18–21]. Re-
cently, chitosan films were applied for the removal of lead [18,19],
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chromium [20], cooper and mercury [21] from aqueous solutions.
However, there is a lack of information in the literature relative
to the use of chitosan films for dye removal (especially food dyes)
from aqueous solutions by adsorption.

In this work was studied the application of chitosan films to re-
move food dyes (acid red 18 and FD&C blue no. 2) from aqueous
solutions, aiming to facilitate the phase separation after adsorption
process. The chitosan films were prepared and characterized
according to the mechanical proprieties, swelling degree, Fourier
transform infrared spectroscopy (FT-IR), differential scanning calo-
rimetry (DSC) and color parameters. The adsorption of food dyes by
chitosan films was studied at different temperatures (298–328 K)
through equilibrium isotherms, thermodynamic and kinetic analy-
sis. The possible films–dyes interactions were investigated by
FT–IR, DSC and color parameters.

2. Materials and methods

2.1. Food dyes

The food dyes (industrial grade, purity higher than 85%), acid
red 18 (xanthene dye; molecular weight 879.86 g mol�1; C.I.
45,430; kmax = 526 nm; pKa = 6.4) and FD&C blue no. 2 (indigoid
dye; molecular weight 466.34 g mol�1; C.I. 73,015; kmax = 610 nm;
pKa = 12.2) were supplied by a local manufacturer (Duas Rodas
Ind.) and were used without further purification. The optimized-
three dimensional structural formulae of the dyes (obtained from
ChemBio 3D 11.0.1 software (Cambridge Soft, USA)) are shown in
Fig. 1. Distilled water was used to prepare all solutions. All reagents
were of analytical-grade.

2.2. Preparation and characterization of chitosan films

Chitosan powder (deacetylation degree of 85 ± 1% and viscosity
average molecular weight of 150 ± 3 kDa) was obtained from
shrimp wastes (Penaeus brasiliensis) according to the procedures
presented in our previously published works [22–24]. Chitosan
films were prepared by casting technique as follows [25]: 1.5 g
(dry basis) of chitosan powder was dissolved in 0.1 mol L�1 of ace-
tic acid solution using moderate magnetic stirring (Marte,
MAG-01H, Brazil), at room temperature for 120 min (pH was
3.5). Then the film-forming solution was centrifuged (Fanem, 206
BL, Brazil) at 5000g for 15 min. 50 mL of the film-forming solution
was poured onto a level plexiglas plate in order to keep the total
amount of polymer deposited constant. The chitosan films were
obtained by solvent evaporation in an oven with air circulation
at 40 ± 2 �C for about 24 h. Finally, the film samples were removed
from plates and conditioned in desiccators prior to the use.

The mechanical properties (tensile strength and elongation) of
chitosan films were measured using a Texture Analyzer (Stable Micro
Systems, TA-XT-2i, UK) with a 50 N load cell equipped with tensile
grips. For these mechanical tests, samples were cut into 25 mm
(width)� 100 mm (length) strips. The testing speed for texture analy-
sis was 2 mm s�1. Films thickness was obtained from 10 measure-
ments taken at different locations on film sample by a digital
micrometer (Insize, IP54, Brazil) with 0.0010 mm of resolution [25,26].

To obtain the swelling degree, chitosan films were divided in
portions (1 cm � 1 cm), weighed and placed in buffer disodium
phosphate/citric acid solution (0.1 mol L�1) (pH = 7.0) for predeter-
mined periods of time (5, 10, 30, 60 and 120 min). Then, the films
were removed from the medium and weighed after removal of the
excess surface water using filter paper (Whatmann no. 40) [27].
These experiments were carried out at different temperatures
(298, 308, 318 and 328 K), and the swelling degree was determined
by Eq. (1) [18]:
Swelling degree ¼Wt �W0

W0
ð100Þ ð1Þ

where Wt is the weight of swollen sample at time t and W0 the is
weight of dry sample.

Fourier transform infrared spectroscopy (FT-IR) (Prestige,
21210045, Japan) was carried out in the range of 500–3500 cm�1

to identify the functional groups on chitosan films [28]. The heat
effect on the films was evaluated by differential scanning calorim-
etry (DSC) (Shimadzu, DSC60, Japan). The chitosan films were
packed in aluminum pans, and heated from 30 to 200 �C at heating
rate of 10 �C min�1 under N2 atmosphere (50 mL min�1) [29].

The color of chitosan films was determined by Minolta system
(Minolta Corporation, CR-300, Japan). Color was measured from
three-dimensional color diagram (L�, a�, b�), and the numerical val-
ues (a�, b�) were converted in Hue angle by Eq. (2) [30]:

Hab ¼ tan�1 b�

a�

� �
ð2Þ

where Hab is the Hue angle (�).
2.3. Batch adsorption experiments

Typical batch experiments were carried out at different tempera-
tures (298, 308, 318 and 328 K) to obtain the equilibrium curves of
food dyes adsorption onto chitosan films. The other experimental
conditions were selected on the basis in preliminary tests and liter-
ature [2,9–13,18]. Firstly, dye stock solutions (1.0 g L�1) were pre-
pared and the pH was adjusted to 7.0 through buffer disodium
phosphate/citric acid solution (0.1 mol L�1), which did not present
interaction with the dyes [13]. After, 100 mL of dye solutions with
different concentrations (20–100 mg L�1) were prepared from stock
solutions and placed in flasks. Then, 50 mg (dry basis) of chitosan
film (divided in portions of 1 cm� 1 cm) were added in each dye
solution [27]. The flasks were agitated at 100 rpm using a thermo-
stated type Wagner agitator (Fanem, 315 SE, Brazil). Samples were
analyzed every 8 h. The equilibrium was considered attained when
the dye concentration in the liquid did not present difference be-
tween three consecutive measures [13]. The dyes concentration
was determined by spectrophotometer (Biospectro, SP-22, Brazil)
at 526 and 610 nm for the acid red 18 and FD&C blue no. 2, respec-
tively. All experiments were carried out in replicate (three times
for each experiment) and blanks were performed. The equilibrium
adsorption capacity (qe) was determined by following equation:

qe ¼
C0 � Ce

m
V ð3Þ

where C0 is the initial dye concentration in liquid phase (mg L�1), Ce

is the equilibrium dye concentration in liquid phase (mg L�1), m is
amount of chitosan films (g), and V is the volume of solution (L).
2.4. Equilibrium isotherms

In order to fit the experimental equilibrium data of food dyes
adsorption onto chitosan films, the Freundlich, Langmuir and Red-
lich–Peterson isotherm models were applied.

The Freundlich isotherm assumes that the adsorption occurs on
a heterogeneous surface, and the amount that is adsorbed
increases infinitely with an increase in concentration. The Freund-
lich isotherm is given by Eq. (4) [31]:

qe ¼ kF C1=nF
e ð4Þ

where kF is the Freundlich constant (mg g�1) ðmg L�1Þ�1=nF and 1/nF

is the heterogeneity factor.



Fig. 1. Optimized three–dimensional structural formulae of the dyes: (a) acid red 18 and (b) FD&C blue no. 2.
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The Langmuir isotherm model assumes a monolayer adsorption
onto a homogeneous surface where the binding sites have equal
affinity and energy. The Langmuir isotherm is given by Eq. (5) [32]:

qe ¼
qmkLCe

1þ ðkLCeÞ
ð5Þ

where qm is the maximum adsorption capacity (mg g�1) and kL is
the Langmuir constant (L mg�1).

Another essential characteristic of the Langmuir isotherm can
be expressed by the separation factor (RL) shown in Eq. (6) [32]:

RL ¼
1

1þ ðkLC0Þ
ð6Þ

The Redlich–Peterson isotherm is used to represent adsorption
equilibrium over a wide concentration range, and can be applied
either in homogeneous or in heterogeneous systems due to its ver-
satility. The Redlich–Peterson isotherm is given by Eq. (7) [33]:
qe ¼
kRPCe

1þ ðaRPCb
eÞ

ð7Þ

where kRP and aRP are the Redlich–Peterson constants (L g�1) and
(L mg�1)b, respectively, and b is the heterogeneity coefficient
(which varies between 0 and 1).

The isotherms parameters were determined by nonlinear
regression using the software Statistica 6.0 (Statsoft, USA). The
objective function was Quasi-Newton. The fit quality was mea-
sured according to the coefficient of determination (R2) and aver-
age relative error (ARE) [34].
2.5. Thermodynamic analysis

In order to analyze the adsorption thermodynamic behavior, the
values of Gibbs free energy change (DG0, kJ mol�1), enthalpy



Fig. 2. Swelling degree of chitosan films at different temperatures (d 298 K; j

308 K; N 318 K; � 328 K).
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change (DH0, kJ mol�1) and entropy change (DS0, kJ mol�1K�1)
were estimated by Eqs. (8)–(10) [35,36]:

DG0 ¼ �RT lnð55:5KDÞ ð8Þ

DG0 ¼ DH0 � TDS0 ð9Þ

lnð55:5KDÞ ¼
DS0

R
� DH0

RT
ð10Þ

where KD is the thermodynamic equilibrium constant (L mol�1), and
55.5 is the number of moles of water per liter of solution. The KD

values were estimated from the parameters of the best fit isotherm
model and the molecular weight of the dyes [35,36].

2.6. Kinetic analysis

In the more appropriate temperature (determined by the equi-
librium study), experiments were carried out in order to obtain ki-
netic data (the experiments were carried out in the same way of
Section 2.3, however, aliquots were removed at 2, 4, 6, 8, 10, 15,
20, 25, 30, 40, 60, 80, 100 and 120 min). The initial dye concentra-
tion for the kinetic tests was 100 mg L�1 and the stirring rate
200 rpm. All experiments were carried out in replicate and blanks
were performed. In order to elucidate adsorption kinetic, pseudo-
first order, pseudo-second order and Elovich models were fitted
to the experimental data.

The kinetic models of pseudo-first order and pseudo-second or-
der assume that adsorption is a pseudo-chemical reaction, and the
adsorption rate can be determined, respectively, for equations of
pseudo-first (Eq. (11)) [37] and pseudo-second order (Eq. (12))
[38]:

qt ¼ q1ð1� expð�k1tÞÞ ð11Þ

qt ¼
t

ð1=k2q2
2Þ þ ðt=q2Þ

ð12Þ

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 or-
der 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).

The Elovich kinetic model can be described according to the Eq.
(13) [37]:

qt ¼
1
a

lnð1þ abtÞ ð13Þ

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).

2.7. Analysis of chitosan films–food dyes interactions

The possible films–dyes interactions were investigated by FT-IR,
DSC and color parameters (procedures presented above in the Sec-
tion 2.2) [28–30]. Chitosan films were analyzed before and after
(experiments at 298 K) adsorption process. For the analyses after
adsorption, the films were dried at room temperature.

3. Results and discussion

3.1. Chitosan films characteristics

The chitosan films were characterized according to the mechan-
ical proprieties, thickness swelling degree (discussed in this sec-
tion), FT-IR, DSC and color parameters.
From the mechanical tests, it was observed that chitosan films
presented tensile strength of 28.3 ± 1.2 MPa and elongation of
63.9 ± 1.0%. These mechanical proprieties were maintained after
adsorption. The film thickness was 54 ± 1 lm. According to the lit-
erature [18,23,24], it is possible to affirm that the chitosan film
showed good mechanical properties, and these properties can
facilitate the phase separation after the dyes adsorption.

The swelling degree of chitosan films, at different temperatures,
is presented in Fig. 2. In this figure, the swelling degree reached
values of 500% within 30 min, being independent of temperature.
The swelling degree is important in the context of dyes adsorption,
because leads to an expansion of the porous structure [7], allowing
that the large dye molecules penetrate into the chitosan film. The
chitosan/poly(vinyl alcohol) films prepared by Fajardo et al. [18]
presented swelling degree values in the range of 200–900%.
3.2. Equilibrium studies

Fig. 3 shows the adsorption equilibrium curves onto chitosan
films, at different temperatures, for acid red 18 (Fig. 3a) and
FD&C blue no. 2 (Fig. 3b). The adsorption isotherm curves of both
dyes can be classified as type ‘‘H’’ [39], indicating a great film–dyes
affinity and numerous readily accessible sites. Similar equilibrium
curves were obtained in the adsorption of food dyes acid yellow 6,
acid yellow 23 and acid red 18 on activated carbon [40].

The adsorption capacity of food dyes onto chitosan films was in-
creased with the temperature decrease reaching maximum values
at 298 K (Fig. 3). The temperature increase causes an increase in
the solubility of the dyes [7], so, the interaction forces between
the dyes and the solvent become stronger than those between dyes
and chitosan films. Similar behavior was found in the adsorption of
FD&C red no. 40 by chitosan [13] and in the adsorption of acid blue
9 by Spirulina platensis [41].

Fig. 3 shows that the adsorption capacity of FD&C blue no. 2 was
lower than acid red 18. This occurred probably because molecular
size of FD&C blue no. 2 is higher than molecular size of acid red 18
(see Fig. 1), leading to a difficulty in dye diffusion. According to
Crini and Badot [7] the smaller dye molecules are able to undertake
a deeper penetration of dye into the internal pore structure of the
chitosan. In addition, the pKa (6.4) of acid red 18 is lower than pKa

(12.2) of FD&C blue no. 2, facilitating its dissociation in the anionic
form, and consequently, increasing its adsorption capacity [41].

The maximum experimental adsorption capacities were
194.6 mg g�1 and 154.8 mg g�1 for the acid red 18 and FD&C blue
no. 2, respectively, obtained at 298 K. Table 1 shows a comparison



Fig. 3. Experimental adsorption equilibrium curves and Redlich–Peterson isotherm
model of food dyes onto chitosan films (d 298 K; j 308 K; N 318 K; � 328 K): (a)
acid red 18, and (b) FD&C blue no. 2.
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between chitosan films and others adsorbents to removal food
dyes. Based in Table 1, it is possible to affirm that the chitosan films
presented satisfactory adsorption capacity.

To obtain information about the equilibrium data of food dyes
adsorption onto chitosan films, the Freundlich, Langmuir and
Redlich–Peterson isotherm models were applied. Table 2 shows
the isotherm parameters for the adsorption of acid red 18 and
FD&C blue no. 2 onto chitosan films at different temperatures.

The high values of coefficient of determination (R2 > 0.98) and
the low values of average relative error (ARE < 9.00%), presented
in Table 2, show that the Redlich–Peterson model was the more
Table 1
Comparison between chitosan films and others adsorbents to removal food dyes.

Adsorbent Food dye Adsorbent dosage (mg L�1) D

Chitosan films Acid red 18 500 2
Chitosan films FD&C blue no. 2 500 2
Chitosan powder Acid blue 9 250 1
Chitosan powder Food yellow 3 250 1
Chitosan powder FD&C yellow no. 5 250 1
Chitin FD&C yellow no. 5 250 1
Chitosan powder FD&C red no. 40 250 2
Activated carbon Acid yellow 6 1000 1
Activated carbon Acid yellow 23 1000 1
Activated carbon Acid red 18 1000 1
adequate to fit the experimental equilibrium data. The kRP param-
eter increased with the temperature decrease (Table 2), showing
that, in the experimental range, the adsorption of food dyes onto
chitosan films was favored at lower temperatures. The same
dependence was found in relation to aRP parameter. This shows
that the film–dyes affinity was also favored at lower temperatures.
Piccin et al. [13] showed that the Redlich–Peterson model was sat-
isfactory to represent the adsorption of FD&C red no. 40 by
chitosan.

3.3. Kinetic behavior

For both dyes, the adsorption kinetic curves were obtained at
298 K, 200 rpm, and initial dye concentration of 100 mg L�1.
Fig. 4 shows the adsorption kinetic curves of acid red 18 and
FD&C blue no. 2 onto chitosan films. It was found that the adsorp-
tion of acid red 18 onto chitosan films was a relatively fast process,
reaching about 70% of saturation in 120 min (Fig. 4). In the same
way, for FD&C blue no. 2, 75% of saturation was attained in
80 min. After, the adsorption rate decreased considerably. Similar
behavior was obtained by Dotto and Pinto [9] in the adsorption
of acid blue 9 and food yellow 3 onto chitosan powder. They found
about 85% of saturation in 60 min. Dotto et al. [12] in the adsorp-
tion of FD&C yellow no. 5 onto chitosan powder obtained about
95% of saturation in 80 min.

To obtain information about the food dyes adsorption onto
chitosan films, pseudo-first order, pseudo-second order and Elo-
vich kinetic models were fitted to the experimental data. The
kinetic models constants, coefficients of determination (R2) and
average relative error (ARE) are shown in Table 3. The low values
of average relative error (ARE < 5.0%) and the high values of coeffi-
cients of determination (R2 > 0.95) (Table 3) showed that the
Elovich model was the more appropriate to represent adsorption
kinetic of food dyes onto chitosan films. This suggests that chitosan
films were covered by superficial layer of the dyes [7,9–11,37].
Similar behavior was obtained by Piccin et al. [11] in the adsorp-
tion of FD&C red no. 40 by chitosan powder.

3.4. Thermodynamic parameters

The adsorption thermodynamic parameters were estimated by
Eqs. (8)–(10). The KD values were estimated from the Redlich–
Peterson parameters, as reported in the literature [35,36]. The val-
ues of DG0, DH0 and DS0 in all experimental conditions are show in
Table 4.

The negative values of DG0 (Table 4) indicate that the adsorp-
tion of food dyes onto chitosan films was a spontaneous and favor-
able process, whereby no energy input from outside of the system
is required. Negative DH0 values confirm the exothermic nature of
the adsorption process. For the acid red 18 dye, the negative value
of DS0 indicates that randomness decreases at the solid–solution
interface during the adsorption. The positive value of DS0 shows
ye concentration (mg L�1) Adsorption capacity (mg g�1) Reference

0–100 194.6 This work
0–100 154.8 This work
00 210.0 [10]
00 295.0 [10]
00 350.0 [12]
00 30.0 [12]
0–400 529.0 [13]
00–1000 673.7 [40]
00–1000 643.0 [40]
00–1000 551.8 [40]



Table 2
Isotherm parameters for the adsorption of acid red 18 and FD&C blue no. 2 onto chitosan films at different temperatures.

Temperature (K) Acid red 18 FD&C blue no. 2

298 308 318 328 298 308 318 328

Isotherm model
Freundlich

kF (mg g�1) ðmg L�1Þ�1=nF 134.1 99.8 68.5 60.0 69.3 55.1 52.2 41.6

nF 2.37 3.45 2.21 2.13 3.74 5.41 6.13 7.46
R2 0.971 0.950 0.961 0.948 0.993 0.987 0.978 0.985
ARE (%) 12.14 16.38 13.70 15.40 5.45 5.58 6.71 4.76

Langmuir
qm (mg g�1) 239.0 187.5 237.4 243.7 153.3 103.2 92.9 69.4
kL (L mg-1) 1.63 1.64 0.36 0.26 0.81 1.23 1.31 1.13
RL 0.006 0.006 0.027 0.037 0.012 0.009 0.008 0.009
R2 0.998 0.979 0.992 0.986 0.974 0.977 0.990 0.977
ARE (%) 3.58 10.47 6.12 8.35 9.58 6.96 3.81 1.42

Redlich–Peterson
kRP (L g�1) 396.0 344.1 85.2 64.3 411.1 272.4 183.8 97.8
aRP (L mg�1)b 2.01 1.67 0.36 0.27 4.75 3.83 2.51 1.61
b 0.99 0.95 1.00 0.99 0.80 0.89 0.93 0.96
R2 0.998 0.989 0.992 0.986 0.999 0.999 0.998 0.999
ARE (%) 3.33 4.71 6.12 8.45 0.64 1.01 1.06 0.53

Fig. 4. Kinetic curves of the food dyes adsorption onto chitosan films (T = 298 K,
200 rpm, initial dye concentration 100 mg L�1).

Table 3
Kinetic parameters for the adsorption of acid red 18 and FD&C blue no. 2 onto
chitosan films.

Kinetic model Dye

Acid red 18 FD&C blue no. 2

Pseudo-first order
q1 (mg g�1) 114.79 110.30
k1 (min�1) 0.1279 0.2119
R2 0.809 0.824
ARE (%) 13.01 11.73

Pseudo-second order
q2 (mg g-1) 126.94 120.92
k2 (g mg-1 min-1) 0.0015 0.0024
R2 0.906 0.923
ARE (%) 8.92 7.66

Elovich
a (mg g�1 min�1) 0.0485 0.0579
b (g mg�1) 97.59 239.33
R2 0.957 0.974
ARE (%) 4.39 2.58

Table 4
Thermodynamic parameters for the adsorption of acid red 18 and FD&C blue no. 2
onto chitosan films.

Dye Temperature
(K)

DG0

(kJ mol�1)
DH0

(kJ mol�1)
DS0

(J mol�1 K�1)

Acid red 18 298 �45.6 ± 0.3 �61.3 ± 0.4 �51.27 ± 0.9
308 �46.6 ± 0.1
318 �44.1 ± 0.2
328 �44.7 ± 0.2

FD&C blue
no. 2

298 �40.4 ± 0.2 �31.4 ± 0.5 36.00 ± 1.1
308 �41.2 ± 0.3
318 �41.4 ± 0.1
328 �41.5 ± 0.1

Mean ± standard error (n = 3).
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a high preference of FD&C blue no. 2 molecules by the surface of
chitosan films [35]. Furthermore, it was observed that enthalpy
change (DH0) contributed more than entropy change (DS0) to ob-
tain negative values of DG0. This shows that the food dyes adsorp-
tion onto chitosan films was an enthalpy-controlled process.
Similar thermodynamic behavior was found by others researches
[41–43].

3.5. Interactions chitosan films–food dyes

The possible films–dyes interactions were investigated by FT-IR,
DSC and color parameters. Fig. 5 shows the FT-IR spectrum of
chitosan films: (a) before adsorption process, (b) adsorbed with
acid red 18, and (c) adsorbed with FD&C blue no. 2.

In Fig. 5a, for the films before adsorption process, the major in-
tense bands were: 3350, 3150, 2900, 2800, 1700, 1650, 1550, 1400,
1350, 1250, 1075, 1000 and 680 cm�1. The peaks in the range of
3350–3150 cm�1 are relative to the NAH and OAH stretching.
The CAH stretching can be observed at 2900–2800 cm�1. Stretch-
ing vibrations of C@O and C@C were observed at 1700 and
1650 cm�1, respectively. At 1550 and 1075 cm�1 CAN stretching
vibrations of amide and amine were identified. The peaks 1400,
1350, 1250 cm�1 can be attributed to the CH2 bend and CAC
stretching, respectively. The band of 1000 cm�1 could be assigned
to a CAO stretching. The NAH bending was observed at 680 cm�1.
All the identified peaks are common for chitosan films [18–20].



Fig. 5. FT-IR spectrum of chitosan films: (a) before adsorption process, (b) adsorbed
with acid red 18, and (c) adsorbed with FD&C blue no. 2.

Fig. 6. DSC curves of chitosan films: (a) before adsorption process, (b) adsorbed
with acid red 18, and (c) adsorbed with FD&C blue no. 2.
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In chitosan films adsorbed with acid red 18 shown in Fig. 5b, car-
boxilate bands were observed in the range of 1650–1350 cm�1. Fur-
thermore, bending out of plane vibrations, which can be related
with substituted aromatic rings, appeared in the range of 1150–
900 cm�1. At 700–600 cm�1 stretching vibrations of aromatic rings
substituted by iodine were identified. This manner, it can be in-
ferred that carboxilate groups and aromatic rings substituted by io-
dine of the acid red 18 (see Fig. 1a) were involved in the interactions
with films. For the chitosan films adsorbed with FD&C blue no. 2
shown in Fig. 5c, bending out of plane vibrations of substituted aro-
matic rings, and CAS stretching, appeared in the range of 600–
550 cm�1. This suggests that the FD&C blue no. 2, the sulfonated
groups (see Fig. 1b) were involved in the interactions with chitosan
films.

Fig. 6 shows the DSC curves of chitosan films: (a) before adsorp-
tion process, (b) adsorbed with acid red 18, and (c) adsorbed with
FD&C blue no. 2. Chitosan films before adsorption process showed
an endothermic peak at 75.3 �C with enthalpy of 89.1 J g�1 (Fig. 6a).
This peak could be attributed to evaporation of residual water
[27,29]. For the chitosan films adsorbed with acid red 18 (Fig. 5b)
and adsorbed with FD&C blue no. 2 (Fig. 6c), the peak was shifted
to 70.3 �C (enthalpy of 62.6 J g�1) and 73.7 �C (enthalpy of



Table 5
Color parameters of chitosan films before and after adsorption process.

Color parameters Chitosan films before adsorption Chitosan films adsorbed with acid red 18 Chitosan films adsorbed with FD&C blue no. 2

L� 87.30 ± 0.21 64.52 ± 0.51 29.53 ± 0.32
a� 0.41 ± 0.13 68.45 ± 0.55 13.61 ± 1.01
b� 21.85 ± 1.00 6.66 ± 0.34 �27.30 ± 0.75
Hab (�) 88.94 ± 1.05 5.55 ± 0.31 �63.61 ± 1.25

Mean ± standard error (n = 3).
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64.7 J g�1), respectively. These shifts show that the interactions be-
tween films and water were weakened after adsorption. This
occurred due to the migration of large dye molecules (acid red
18 and FD&C blue no. 2) into the polymeric chains of chitosan
films.

Table 5 shows the color parameters of chitosan films before and
after adsorption process. It can be observed in Table 5 that the L�

value before adsorption was higher than L� values after adsorption.
This shows that the films darkened after the process. Through the
Hab values the chitosan films before adsorption showed a faint yel-
low coloration. After adsorption of acid red 18 and FD&C blue no. 2,
the films showed a pink and blue coloration, respectively (see Hab

values in Table 5). In summary, these results suggested that the
chitosan films were strongly colored during the adsorption of acid
red 18 and FD&C blue no. 2, confirming the high affinity between
films and food dyes. In addition, chitosan films maintained its
structure and were easily separated from the liquid phase after
the adsorption process.

Based in FT-IR (Fig. 5), DSC (Fig. 6), color parameters (Table 5)
and literature [7–17,43], the following interaction mechanism
was proposed for the adsorption of acid red 18 and FD&C blue
no. 2 by chitosan films: (1) at neutral pH, about 50% of total
chitosan amino groups (NH2) are protonated (NHþ3 ) [7]. So, the cat-
ion–cation repulsion occurs, leading to an expansion of chitosan
film chains, and favoring the influx of colored liquid into the poly-
meric network [18]; (2) coupled to this, acid red 18 and FD&C blue
no. 2 were dissolved and its groups were dissociated; (3) then, the
dyes in anionic form penetrated into films polymeric network (see
DSC results) and electrostatic interactions occurred between the
negatively charged groups of the dyes (sulfonate or carboxilate)
and protonated amino groups of chitosan films (see FT-IR results).
4. Conclusion

In this research, chitosan films were applied to remove food
dyes from aqueous solutions. The adsorption capacities of chitosan
films were 194.6 mg g�1 and 154.8 mg g�1 for the acid red 18 and
FD&C blue no. 2, respectively, obtained at 298 K. The Redlich–
Peterson isotherm model was the more adequate to represent
the equilibrium experimental data (R2 > 0.98 and ARE < 9.00%).
From the thermodynamic data, it was found that the adsorption
of food dyes onto chitosan films is a spontaneous, favorable and
exothermic process. The Elovich model was the more appropriate
to represent the adsorption kinetic data (R2 > 0.95 and
ARE < 5.00%). Electrostatic interactions occurred between the neg-
atively charged groups of the dyes (sulfonate or carboxilate) and
protonated amino groups of films. The chitosan films are an alter-
native to facilitate the phase separation after the dyes adsorption,
providing benefits for practical applications.
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