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Abstract
Chitosan used on dyes adsorption when in film form shows limitations due to its low regeneration capacity. In this work, 
chitosan films were modified using vanadium ions to improve its regeneration capacity on the dye adsorption. Films were 
characterized and analyzed by FT-IR, XRD and DSC. Adsorption assays were performed using chitosan-vanadate films (CVF) 
to remove the Reactive Black 5 dye in aqueous solution. The adsorption was favored by the pH decrease from 8.0 to 4.0. The 
equilibrium data were best fitted by Langmuir model, with qm of 522 mg g−1 at 298 K. The negative value of ΔH0 (−9.91 kJ 
 mol−1) showed an exothermic operation and the value of ΔS0 was positive (0.0705 kJ mol−1 K−1), suggesting an increase 
in randomness at the solid/solution interface. The kinetics was represented by pseudo-first order model and around 80 min 
occurred a reduction in the adsorption rates, due to the mass transfer mechanism. The most appropriate eluent to remove 
the RB5 from CVF was  NH4OH 0.01 kg mol  L−1. The CVF used to the dye adsorption were regenerated and reutilized five 
times, and the adsorption capacity was around 80% of the initial value after the last cycle.
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Introduction

Synthetic dyes are present in the wastewater of different 
industries, such as textiles, paper, plastics and foods [1–4]. 
The presence of these molecules in aquifers changes the 
water color and reduces the oxygen solubility, impacting in 
the photosynthetic metabolism of aquatic plants [5]. Reac-
tive Black 5 (RB5) anionic dye is one of the most used in 
textile industries, as well as, it is one of the most toxic [6]. 
Many techniques have been used to effluents treatment con-
taining dye, such as, oxidation, coagulation/flocculation, 
electrochemical coagulation, biological treatment and ion-
exchange resins, however, these are not economically viable 
in processes of low dyes concentrations [7]. The adsorp-
tion operation is one of the most convenient and low-cost 

alternatives for the removal of contaminants from aqueous 
solutions [8–14].

Several alternative adsorbents have been employed to 
remove dyes from aqueous solutions. Chitosan-based mate-
rials stand out due to its high contents of amino and hydroxyl 
groups, which present high potential for interaction with the 
contaminants [5]. Chitosan can be isolated from marine chi-
tin [15–20]. Among the chitosan based materials, the chi-
tosan film (CF) is an interesting shape to remove contami-
nants from aqueous solutions [21]. The main advantages for 
the application of chitosan film are its good tensile strength, 
elongation, swelling properties, applicability to a large pH 
range and its easy separation from the solution after adsorp-
tion [22].

However, in the adsorption operation using CF as adsor-
bent, the desorption and the reuse of the films are key factors 
from the economical viewpoint [23]. In this way, it is neces-
sary to perform studies about possible changes in the CF, 
which could to enable a higher number of adsorption–des-
orption cycles, keeping their adsorption capacities similar 
to the pure film. Cadaval Jr et al. [24] studied the removal 
of vanadium ions in aqueous solutions using CF as adsor-
bent, and the authors reported that the films were used by 
six cycles, being maintained the its physical characteristics 
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and the adsorption capacity. This reuse capacity suggests 
that, the vanadium ions led to modification the interactions 
between the polymer chains and, consequently, caused the 
morphological and structural changes, which enabled to 
reuse of the films. Based on these results, it is interesting 
to investigate this modification in CF and the alterations 
occurred in the polymeric structure due to the interaction 
with the vanadate ions, as well as, evaluate it in the adsorp-
tion and reuse.

Thus, this study was aimed to modify the CF using vana-
dium ions to improve its regeneration capacity in the dyes 
adsorption. CF were prepared by casting technique, and the 
films were modified using vanadium salt, afterwards, the 
elution assays to remove the ions were performed. The modi-
fied CF with vanadium ions were analyzed by mechanical 
characteristics, Fourier transform infrared spectroscopy, 
X-ray diffraction and differential scanning calorimetry. 
Finally, the RB5 adsorption onto chitosan-vanadate films 
(CVF) was investigated by the kinetics, equilibrium and 
thermodynamic, as also, by the film reuse.

Materials and Methods

Reagent Characteristics

RB5 dye (991.8  g  mol−11; λmax = 596  nm, Color Index 
20505, purity of 98%) was supplied by Sigma-Aldrich 
(Brazil). The salt used to the modification of the CF was 
 NH4VO3 (purity of 99.0%), which was supplied by Merck 
(Germany). Distilled water was used to prepare all solutions.

Preparation and Characterization of Modified Films

Chitosan was obtained from shrimp waste (Penaeus brasil-
iensis) according to the procedure developed by Moura et al. 
[25]. Deacetylation of chitin was carried out with sodium 
hydroxide solution (421 g  L−1) at 130 ± 1 °C, under constant 
agitation, and reaction time was of 4 h. Chitosan was puri-
fied by dissolution in acetic acid solution (1%). The solution 
was centrifuged for the removal of insoluble material. Total 
precipitation of chitosan occurred by addition of sodium 
hydroxide solution until pH 12.5, followed by neutraliza-
tion until pH 7.0. The chitosan suspension was centrifuged 
for separation of the supernatant and, afterwards, the chi-
tosan paste was dried in spouted bed [26]. Deacetylation 
degree was determined by potentiometric linear titration, 
and the chitosan molecular weight was measured by visco-
simetric method using Mark–Houwink–Sakurada equation 
(K = 1.8 × 10−3 mL g−1 and α = 0.93) [27].

CF were prepared by casting technique, as follows: 
1.5 g (dry basis) of chitosan powder was dissolved in ace-
tic acid solution 0.1 mol  L−1 at 300 rpm using a magnetic 
stirrer (Marte, MAG-01H, Brazil), in room temperature 
for 120 min. Then, the film-forming solution was centri-
fuged (Fanem, 206BL, Brazil) at 5000×g for 15 min. A 
volume (50 mL) of the film-forming solution was poured 
into a plexiglass plate to keep constant the total amount 
of chitosan. The films were obtained by solvent evapora-
tion in an oven with air circulation at 40 ± 2 °C for 24 h. 
Finally, the films samples were removed from plates and 
conditioned in desiccators prior to the use [28].

Preliminary assays in the CF using the vanadium salt 
solution for films modification were performed. The 
modified films were obtained by adsorption of vanadium 
ions, in batch mode, under agitation of 50 rpm at room 
temperature by 24 h. The vanadium salt solution concen-
tration  (NH4VO3) was of 100 mg  L−1 [24]. The pH was 
adjusted to 3.0, in which the swelling degree of the films 
reaches values of approximately 300% [22], allowing that 
the ions diffuse into the CF. Finally, the ions were eluted 
using  NH4OH solution 0.01 mol  L−1. The preliminary tests 
showed that, the CVF presented suitable characteristics of 
tensile strength, elongation and thickness after the elution, 
and approximately 100% of the vanadate was eluted.

The tensile strength and the elongation of the CF and 
CVF were measured by a texture analyzer (Stable Micro 
Systems, TA-XT-2i, UK), with a 50 N load cell, accord-
ing to ASTM [29]. The testing speed for texture analysis 
was of 2 mm s−1. The thicknesses were measured by a 
digital micrometer (Insize, IP54, Brazil), with 0.0010 mm 
of resolution. The CF and CVF samples were analyzed 
by infrared with attenuated total reflectance (FTIR-ATR) 
(Prestige 21, the 210045, Japan) [30]. Differential scan-
ning calorimetric analyses (DSC) were carried out with 
a heating rate of 10 °C  min−1, in the temperature range 
from 30 to 400 °C under  N2 at 50 mL  min−1 (Shimadzu, 
DTG-60, Japan) [31]. X-ray diffraction analyses of the 
films were performed by a X-ray diffractometer (model 
D8 Advance, Brunker, Germany), with Cu Kα radiations 
[32]. The X-ray tube was operated at 40 kV and 40 mA. 
The diffraction results were obtained over a 2θ range from 
5 to 70°, at a rate of 2°  min−1 (2θ) and a step size of 0.02° 
(2θ). The films crystallinities were calculated by Eq. (1):

where Xc is the crystallinity, Fc is the diffraction peak area 
relevant to crystalline state structure, and Fa that correspond 
to the non-crystalline structure calculated from the diffrac-
tion patterns [32].

(1)Xc =
Fc

Fc + Fa

100%
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Adsorption Assays

The RB5 solutions (1.0 g  L−1) were prepared and, the pH val-
ues were adjusted at 4.0, 6.0 and 8.0, using buffer disodium 
phosphate/citric acid solution (0.1 mol  L−1). The adsorption 
assays using CVF were performed in three steps. Firstly, the 
pH effect (from 4.0 to 6.0) was evaluated at the temperature 
298 K and 100 rpm for 24 h, with adsorbent dosage of 500 mg 
 L−1 and the dye concentration (RB5) of 100 mg  L−1. In the 
second step, equilibrium isotherms were carried out at tem-
peratures of 298, 308, 318 and 328 K, in the more suitable pH 
condition and with dye concentrations from 50 to 500 mg  L−1. 
In the third step, adsorption kinetic curves were performed at 
different stirring rates (50, 100, 200 and 300 rpm) and, the 
assays were carried out in the more suitable pH condition at 
room temperature. For all tests, the concentrations of RB5 
solutions were measured by a spectrophotometer (Biospectro, 
SP-22, Brazil). Blanks were performed, and assays were car-
ried out in two repetitions. The removal percentage (R %), the 
amounts of RB5 adsorbed onto CVF at equilibrium (qe, mg 
 g−1) and at any time (qt, mg g−1) were calculated as follows 
(Eqs. 2–4):

where C0 is the initial dye concentration (mg  L−1), Ce is 
the dye concentration at equilibrium (mg  L−1), Ct is the dye 
concentration at any time t (mg  L−1), V is the volume of dye 
solution (L) and m is the amount of adsorbent (g).

Equilibrium and Thermodynamic Data

The equilibrium data for the RB5 adsorption onto CVF were 
obtained at 298, 308, 318 and 328 K. Between the various 
adsorption equilibrium models in literature, the most used 
are of Langmuir (Eq. 5) and Freundlich (Eq. 6) isotherms 
[33], thus, the equilibrium data were fitted by these isotherms 
models.

(2)R% =
(C0 − Ce)

C0

100

(3)qe =
V(C0 − Ce)

m

(4)qt =
V(C0 − Ct)

m

(5)qe =
qmkLCe

1 +
(

kLCe

)

(6)qe = kFC
1∕nF
e

where Ce is the equilibrium dye concentration in solution 
(mg  L−1), qe is the equilibrium adsorption capacity (mg  g−1), 
qm is the maximum adsorption capacity of the adsorbent 
(mg  g−1), KL is the Langmuir constant (L  mg−1), kF is the 
Freundlich constant [(mg  g−1)(mg  L−1)−1/n] and 1/nF is the 
heterogeneity factor.

The Gibb free energy (ΔG0) (kJ  mol−1), for the RB5 
adsorption onto CVF was determined by Eq.  (7). The 
enthalpy change (ΔH0) (kJ  mol−1) and the entropy change 
(ΔS0) (kJ  mol−1  K−1) were determined by Van’t Hoff plot, 
according to Eq. (8) [34, 35].

where KD is the equilibrium constant (L  mg−1), ρw is the 
water density (mg  L−1), T is the temperature (K) and R is 
the gas universal constant (J  mol−1 K) [36].

Kinetic Analysis

To investigate the adsorption kinetics, the models of pseudo-
first order (Eq. 9), pseudo-second order (Eq. 10) and Elovich 
(11) were used to fit the experimental data [33, 37].

where k1  (min−1) and k2 (g  mg−1 min−1) are the rate con-
stants of the pseudo-first order and pseudo-second order 
models, respectively, q1 and q2 are the theoretical values for 
the adsorption capacity (mg  g−1), t is the time (min), 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).

Regression Analysis

Nonlinear regression to fit the equilibrium data and kinetic 
data was performed. The parameters were determined 
through Quasi-Newton estimation method by use of the 
Statistic 7 software (Statsoft, USA). The fits quality of the 
model was evaluated by coefficient of the determination (R2) 
and average relative error (ARE) [38].

Desorption and Reuse

Desorption is an important operation to justify the applica-
bility of an adsorbent [39]. Thus, desorption and reuse of the 

(7)ΔG0 = −RT ln
(

�wKD

)

(8)ln
(

�KD

)

=
ΔS0

R
−

ΔH0

RT

(9)qt = q1(1 − exp(−k1t))

(10)qt =
t

(1∕k2q2
2) + (t∕q2)

(11)qt =
1

a
ln(1 + abt)
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CVF in the RB5 adsorption were evaluated to verify if the 
changes caused by the vanadate in the polymer were effec-
tive. Desorption assays were carried out in batch system at 
298 K and 100 rpm. To identify the more appropriate eluent 
to remove the RB5 from the CVF, four solutions in two con-
centrations were tested: NaCl, EDTA, NaOH and  NH4OH 
(from 0.01 to 0.001 mol  L−1). After 24 h, the final concen-
trations of dye present in the solutions were determined for 
all eluents tested. Once determined the more suitable elu-
ent, five cycles of adsorption/desorption were carried out, 
and the adsorption percentage and the desorption percentage 
were determined in each cycle.

Results and Discussion

CVF and CF Characteristics

Chitosan powder presented deacetylation degree of 95 ± 1% 
and average molecular weight of 150 ± 3 kDa, and these val-
ues are according to literature [40]. The CF and CVF were 
characterized by the tensile strength, elongation and thick-
ness. For both films, the values were for tensile strength 
of 26.3 ± 2 MPa, elongation of 8.7 ± 1.3% and thickness of 
64 ± 4 µm. Based on these results and in the literature, can be 
observed that CVF samples present interesting mechanical 
properties and are suitable for use in adsorption processes 
[28].

Figure 1 shows the FT-IR spectrums of CF and CVF. 
In Fig.  1a of CF spectrum, the characteristic bands of 
the chitosan were observed. The bands in the range 
3350–3150 cm−1 are relative to the N–H and O–H stretch-
ing. Stretching vibrations of C=O relative to the amides 
were shown at 1650 cm−1. At 1550 cm−1 N–H angular vibra-
tions were observed, and in 1150 cm−1 the N–C stretching 
vibrations were identified. The bands 1410 and 1340 cm−1, 
can be attributed to the  CH2 bend and  CH3CO stretching, 
respectively. The band in 1020 cm−1 can be assigned to the 
C–O stretching [41, 42]. In Fig. 1b, CVF spectrum shows 
the N–H and O–H stretching bands at 3350 cm−1, and at 
1640 cm−1 the stretching vibrations of C=O, similarly to 
the CF. However, at 1550 cm−1 a decrease in the N–H band, 
relative to the angular vibrations was observed. The  CH2 
band at 1410 cm−1 relative to bending vibrations in Fig. 1a 
was not pronounced in the CVF spectrum (Fig. 1b). Besides, 
 CH3CO stretching at 1340 cm− 1 and the band at 1020 cm−1 
(assigned to the C–O stretching) were reduced drastically in 
the CVF. This can be due to the presence of vanadate in the 
CF, which led to a stabilization of the polymer functional 
groups, hindering the conversion of radiation into vibra-
tional energy. It can be observed that, the angular vibrations 
suffered the major changes in their ability to absorb energy 
in the infrared.

In Fig. 2 are shown the XRD curves of CF (Fig. 2a) and 
CVF (Fig. 2b). CF exhibited a series of crystalline peaks 
between 12° and 34° values of 2θ. The crystallinity of the 
CF was of 28%. XRD pattern of the CVF indicated a shape 
of typical amorphous structure. This shows that due to the 
vanadate presence, the polymeric structure was changed and, 
the crystalline zones disappeared. The vanadate presence 
in the polymer can to have weakened the hydrogen bonds 
between amino groups and hydroxyl groups in the CF, lead-
ing to interconnects of different polymer chains, resulting in 
an amorphous structure of the CVF [32, 43, 44].

In Fig. 3a, the DSC curve of CF showed the endothermic 
peak relative to the glass transition of the material at 60 °C. 
In this temperature, the polymer chains have increased 
its internal energy, enabling mobility and conformational 
change. After the glass transition, other endothermic change 
occurred at 90 °C, and this can be attributed to the loss of 
film surface water. Furthermore, at 281 °C, an exothermic 

Fig. 1  FT-IR vibrational spectrums of the films samples: a CF, and b 
CVF
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peak is attributed to the recrystallization of the polymer 
structure, with enthalpy of 53.6 J  g−1. At 328.4 °C, an endo-
thermic peak with enthalpy of 29.9 J  g−1 was observed. This 
behavior is characteristic to the semicrystalline polymers, 
and it is a thermodynamic change of first order (crystal-
line fusion). In this temperature, the energy is enough to 
overcome the secondary intermolecular forces between the 
crystalline phase chains, occurring a change in the polymer 
structure for a fluid state [45]. In Fig. 3b for the CVF, the 
DSC analysis showed that the band at 328.4 °C related to 
the crystalline fusion of CF, not appeared in the CVF. This 
change occurred due to the amorphous characteristic of the 
CVF, because amorphous polymers not present this ener-
getic modification. This change can be attributed to the pres-
ence of vanadate in the polymer arrangement, which leads 
to a restructuration of the chitosan chains [46].

pH Effect in RB5 Adsorption onto CVF

In order to verify the pH effect in the RB5 adsorption capac-
ity onto CVF, Fig. 4 presents the values of adsorption capac-
ity and the removal percentage at different pH values. The 
RB5 adsorption was favored by pH decreases from 8.0 to 
4.0. This behavior occurred because the  H+ ions in the solu-
tion increased the amino groups protonation  (NH2) of the 
chitosan, which were converted in  NH3

+ [47–49]. These 
protonated amine groups were responsible for interaction 
with the RB5 anionic dye. Thus, the most suitable condition 
for RB5 adsorption onto CVF was at pH 4.0. In this condi-
tion, the CVF presented adsorption capacity about 360 mg 
 g−1 and removal percentage around 95%. Therefore, for the 
continuity of the work, it was used this pH value.

Fig. 2  X-ray diffraction (XRD) of the films samples: a CF, and b 
CVF

Fig. 3  Differential scanning calorimetry curves (DSC) of the films 
samples: (a) CF, and (b) CVF

Fig. 4  Adsorption capacity (q) and removal percentage (R) for the 
RB5 adsorption by CVF at different pH values
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Equilibrium and Thermodynamic Studies

The adsorption equilibrium curves at different tempera-
tures (from 298 to 328 K) were carried out to determine the 
effect of temperature on adsorption capacity. These results 
are shown in Fig. 5. It was observed that the isotherms are 
characterized as type I [33]. The initial inclination shows 
the affinity between CVF and RB5, and the plateau repre-
sents the maximum adsorption capacity. Furthermore, the 
Fig. 5 shows that the adsorption capacity increased with the 
decreased of temperature, and the maximum values were 
obtained at 298 K. The equilibrium parameters for the RB5 
adsorption onto CVF were determined by Langmuir and 
Freundlich models, which are presented in Table 1. Based 
on the values of coefficient of determination (R2 > 0.98) and 
average relative error (ARE < 5.00%), the Langmuir model 
was the more suitable to represent the equilibrium data and, 

the qm value was of 521.8 mg  g−1 at 298 K. This behavior 
proposes that the dye adsorption occurred in a monolayer 
of the CVF. The interaction between adsorbent and adsorb-
ate was electrostatic, due to the protonated amino groups 
of the CVF and the anionic sulfonated groups of the dye. 
Thus, when the protonated amino groups of the monolayer 
were compromised, there was not more how to continue the 
adsorption.

The thermodynamic equilibrium constant (KD), the Gibbs 
free energy change (ΔG0), the enthalpy change (ΔH0) and 
the entropy change (ΔS0) were estimated. The KD values 
increased with the decrease temperature (from 188 to 273 L 
 g−1), showing that the adsorption operation was favored in 
all temperatures. The negative values of ΔG0 (from − 31.0 to 
− 33.1 kJ  mol−1) indicated that the adsorption was energeti-
cally favorable. The negative value of ΔH0 (− 9.91 kJ  mol−1) 
showed an exothermic process, and its low value confirmed 
an electrostatic interaction between adsorbent and adsorbate 
[50]. The value of ΔS0 was positive (0.0705 kJ  mol−1 K−1), 
suggesting an increase in randomness at the solid/solution 
interface [51]. Thus, both thermodynamic parameters con-
tributed to favoring the adsorption and for the negatives 
values of ΔG0.

Kinetic Studies

The adsorption kinetic data for the RB5 onto CVF were 
obtained at pH 4.0 and temperature of 298 K. The stirring 
rate effect was verified in different conditions (from 50 to 
300 rpm), and the curves are presented in Fig. 6. The adsorp-
tion rate increased with the increase of stirring rate. Pseudo-
first order, pseudo-second order and Elovich models were 
fitted to the experimental data. In the kinetics profiles were 
observed that, in around 80 min occurred a reduction in the 
adsorption rates, thus, can to have occurred a change in the 
mass transfer mechanism. After this, the adsorption rates 

Fig. 5  Equilibrium curves for the RB5 adsorption by CVF at different 
temperatures

Table 1  Isotherm parameters for the RB5 adsorption onto chitosan-vanadate film at different temperatures

Temperature (K) Langmuir

kL (L mg−1) qm (mg g−1) R2 ARE (%)

298 1.92 521.8 0.998 4.09
308 0.91 499.8 0.981 3.34
318 0.96 397.4 0.986 4.43
328 1.90 259.9 0.999 1.70

Temperature (K) Freundlich

kF (mg  g−1) (mg  L−1)−1/nF nF R2 ARE (%)

298 273.10 7.5 0.988 6.31
308 222.74 6.1 0.971 5.24
318 201.76 7.0 0.951 10.30
328 188.47 12.9 0.975 4.93
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were controlled by the internal mass transfer. Based on the 
values of coefficient of determination (R2 > 0.99) and aver-
age relative error (ARE < 5.00), the pseudo-first order model 
was the more suitable to represent the adsorption kinetics.

Desorption and Reuse

The desorption operation of RB5 from the CVF was evalu-
ated by four solutions (NaCl, EDTA, NaOH and  NH4OH), 
at different concentrations (0.01–0.001 mol  L−1). Table 2 
shows the values of desorption percentages found in each 
treatment and, can be observed that the  NH4OH 0.01 mol 
 L−1 was the most suitable eluent. The presence of this elu-
ent resulted in an elevation of the pH value and, conse-
quently, the deprotonation of the amino groups. This led to 
the removal of the anionic dye from the chitosan polymer 
chain. It can be inferred that the results corroborated with 
the electrostatic interaction mechanism, since desorption 
occurred in all conditions studied, showing a low energy 
involved in the regeneration.

After setting the appropriate eluent, five cycles of adsorp-
tion/desorption were performed to evaluate if the CVF could 
be reused. Figure 7 shows the percentage removal values in 
different cycles of adsorption/regeneration. It can be seen 
from Fig. 7 that the CVF presented a good performance in 
the reuse, because after five cycles of adsorption/desorp-
tion, the CVF showed its adsorption capacity reduced only 
about 20%.

Conclusion

The modification of CF by vanadium ions for use as adsor-
bent of RB5 in aqueous solution was investigated, to 
improve its the regeneration capacity. The CVF showed 
suitable mechanical properties. The FT-IR spectrum of chi-
tosan-vanadate film showed changes in the characteristics 
bands relative to the CF. XRD pattern of the CF showed 
a change from semicrystalline to amorphous shape. The 
DSC of chitosan-vanadate film presented a reduction in the 
enthalpy of the glass transition, and the thermal degrada-
tion not occurred with the modification, which was favored 
at pH of 4.0. The Langmuir model represented the system 
equilibrium, being the maximum adsorption capacity was 
of 522 mg  g−1 at 298 K, and the adsorption was exothermic. 
The pseudo-first order model was that best fitted the adsorp-
tion kinetics data. The most appropriate eluent was  NH4OH 
0.01 kg mol  L−1 and, five cycles of adsorption/desorption 
were possible.

Fig. 6  Stirring rate effect for the RB5 adsorption by CVF at different 
conditions

Table 2  Results for RB5 desorption from CVF with different eluents

Eluents Concentration (mol  L−1) Desorption (%)

NaOH 0.001 71.7 ± 2.4
0.01 92.1 ± 1.6

NH4OH 0.001 89.5 ± 1.2
0.01 95.9 ± 1.4

NaCl 0.001 41.2 ± 1.4
0.01 52.1 ± 1.9

EDTA 0.001 30.7 ± 2.6
0.01 42.1 ± 1.9 Fig. 7  Percentage removal in different cycles of adsorption/regenera-

tion for RB5 from CVF
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