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ABSTRACT

Chitosan films (CF) are an interesting way to remove heavy metals from aqueous solutions.
The effluents containing vanadium is highly toxic from environmental viewpoint, then, the
aim of this work was to evaluate the vanadium adsorption onto CF. The films were pre-
pared by casting technique and characterized (tensile strength, elongation, and thickness).
The vanadium adsorption was optimized as a function of the pH and film dosage by
response surface methodology. The equilibrium isotherms were obtained and the thermody-
namic parameters were estimated. The vanadium–CF interactions were elucidated, and also
regeneration studies were performed. The more suitable adsorption conditions were in pH
6 and film dosages of 100 and 300 mg L−1, under these conditions, the vanadium removal
percentage and adsorption capacity were of 50.3% and 251.4 mg g−1, respectively. The BET
model showed best fit for the experimental equilibrium data. The adsorption process was
spontaneous, favorable, and endothermic. Fourier transform infrared spectroscopy and
thermogravimetric analysis confirmed the presence of vanadium on CF after adsorption.
Desorption was possible with 0.01 mol L−1 NH4Cl solution. The CF maintained the
structural characteristics and adsorption capacities after six cycles of regeneration.
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1. Introduction

Several alternative adsorbents are researched to
remove heavy metals from aqueous solutions, such as
limonite [1], magnetite [2], Spirulina platensis [3],
sugarcane bagasse [4], olive stone [5], and cow dung
powder [6]. In this context, chitosan, a linear biopoly-
mer of acetylamino-D-glucose, obtained from chitin

alkaline deacetylation, stands out, due to its high con-
tent of amino and hydroxyl groups, which shows ele-
vated potential for interaction with pollutants [7].
Nevertheless, when chitosan is used in powder form
[7,8], the centrifugation and/or filtration are necessary
for the phase separation after adsorption process [9],
and desorption process is the hardest. Then, it is desir-
able that the development of chitosan-based materials
in order to facilitate the phase separation and its
regeneration.*Corresponding author.
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Among the chitosan-based materials, the chitosan
film is an interesting way to remove heavy metals
from aqueous solutions. The main advantages for the
application of chitosan films (CF) are its good tensile
strength, elongation, swelling properties, applicability
to a wide range of pH, and regeneration [10–13]. Dotto
et al. [9] reported that the mechanical properties of CF
were maintained during the food dyes adsorption,
leading to benefits for practical applications. The
literature shows that CF are effective to remove lead
[10], chromium [11,12], and mercury [12] from
aqueous solutions.

Vanadium is a transition metal which is employed
in various industrial fields, including metallurgy and
nuclear reactors [14]. Significant vanadium concentra-
tions (from 10 to 1,400 mg L−1) are also found in pet-
roleum and its derivate [15]. Combustion in thermal
power plants and regeneration processes in petro-
chemical industries produce the effluents containing
vanadium [16]. It is very difficult to remove vanadium
from aqueous phase, so large volumes of water con-
taining this metal are discarded. Furthermore, vana-
dium is highly toxic from environmental viewpoint
[17]. Treatment techniques, such as solvent extraction,
ion–exchange resins, and electrokinetic processes are
used, but these are not economically viable [18]. In
this way, adsorption is considered as one of the most
suitable and low-cost alternative methods for pollu-
tants removal from aqueous media [18,19].

This work aimed the vanadium removal from
aqueous solutions by adsorption onto CF. The CF
were prepared by casting technique and were charac-
terized. The vanadium adsorption was optimized as a
function of pH (4, 6, and 8) and CF dosage (100, 300,
and 500 mg L−1) by response surface methodology
(RSM). The equilibrium isotherms were obtained (at
293, 313, and 333 K) and the thermodynamic parame-
ters were estimated. The CF–vanadium interactions
were elucidated by Fourier transform infrared spec-
troscopy (FTIR) and thermogravimetric analysis
(TGA). Adsorption–desorption cycles were performed.

2. Material and methods

2.1. Preparation and characterization of CF

Chitosan (molecular weight 150 ± 3 kDa, deacetyla-
tion degree of 85 ± 1%, and mean diameter of 72
± 3 µm) was obtained from shrimp (Penaeus brasiliensis)
wastes by the following steps: demineralization, depro-
teinization, deodorization, deacetylation, purification,
and drying [20–22]. The CF were produced by casting
technique as following: 1.5 g of chitosan powder was
dissolved in 0.1 mol L−1 of acetic acid solution. Then

the film-forming solution was centrifuged at 5,000 ×g
for 15 min. Film-forming solution was poured onto a
level plexiglas plate. The CF 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.

The tensile strength and elongation of CF were
measured by a Texture Analyzer (Stable Micro Sys-
tems, TA–XT–2i, UK) with a 50-N load cell. The testing
speed for texture analysis was 2 mm s−1. The thickness
was measured by a digital micrometer (Insize, IP54,
Brazil) with 0.0010 mm of resolution [23].

2.2. Adsorption experiments

The vanadium stock solution (1.0 g L−1) was
prepared using NH4VO3 (purity of 99.0%) (Merck,
Germany), and all the assays were carried out by
diluting this solution. The pH was adjusted using buf-
fer disodium phosphate/citric acid solution
0.1 mol L−1, and it was measured by a pH meter
(Mars, MB10, Brazil). In all the assays, the CF were
divided in portions with size of 1 cm × 1 cm.

The adsorption tests were carried out in two steps:
RSM experiments and equilibrium experiments. For
the RSM experiments, the initial vanadium concentra-
tion was 200 mg L−1 and the effects of the pH (4, 6,
and 8) and the CF dosage (100, 300, and 500 mg L−1)
were evaluated. The flasks were agitated at 100 rpm
and 333 K using thermostatic agitator—Wagner type
(Fanem, 315 SE, Brazil) for 24 h. In the equilibrium
experiments, the pH and the CF dosage were fixed
(according to the RSM results) and the initial vana-
dium concentration ranged from 25 to 400 mg L−1. The
flasks were agitated at 100 rpm (Fanem, 315 SE, Brazil)
under different temperatures (293, 313, and 333 K)
until equilibrium. The remaining vanadium concentra-
tion was measured by atomic absorption spectrometry
with flame (GBC Avanta, 932AA, Australia). The
assays were performed in replicate (n = 3) and the
blank tests were realized. The removal percentage (R),
the adsorption capacity (q), and the equilibrium
adsorption capacity (qe) were determined by
Eqs. (1)–(3):

R ¼ ðC0 � CeÞ
C0

� 100 (1)

q ¼ VðC0 � Cf Þ
m

(2)

qe ¼ VðC0 � CeÞ
m

(3)
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where C0 is the initial vanadium concentration in
liquid phase (mg L−1), Ce is the equilibrium vanadium
concentration in liquid phase (mg L−1), Cf is the final
vanadium concentration in liquid phase (mg L−1), m is
the amount of CF (g), and V is the volume of solution
(L).

2.3. Response surface methodology

The adsorption of heavy metals is influenced by
various experimental parameters, such as pH, tem-
perature, stirring rate, initial concentration, amount of
adsorbent, and contact time [12,13,18,24]. To evaluate
these effects, RSM is a good statistical method [3,25].
In this work, RSM was utilized for the optimization
the vanadium adsorption onto CF as a function of pH
and CF dosage [25]. The results were the vanadium
removal percentage (R) and the adsorption capacity
(q). The levels and factors were selected by prelimi-
nary test and literature [18,19,26], and are shown in
Table 1.

The vanadium removal percentage (R) and adsorp-
tion capacity (q) were represented as a function of
independent variables according to Eq. (4):

Y ¼ a þ
Xn

i¼1

bixi þ
Xn

i¼1

biix
2
i þ

Xn�1

i¼1

Xn

j¼iþ1

bijxixj (4)

where Y is the predicted response (R or q), a is the
constant coefficient, bi is the linear coefficients, bij is
the interaction coefficients, bii is the quadratic
coefficients, and xi and xj are the coded values of the
variables.

The second-order model (Eq. (4)) was evaluated
by Fischer’s test, and the proportion of variance
explained from the model was given by the multiple

coefficient of determination, R2. The significance level
was 95% (p < 0.05), and the non–significant factors
were excluded [25]. The results were analyzed by
Statistic version 7.0 (StatSoft Inc., USA) software.

2.4. Adsorption analysis by equilibrium and
thermodynamic data

Adsorption isotherm models are widely used to
describe the adsorption process and investigate
equilibrium and thermodynamics of adsorption [5,27].
In this work, the equilibrium data were obtained at
293, 313, and 333 K, and the curves were fitted with
the Freundlich and Brunauer−Emmett−Teller (BET)
isotherm models.

The Freundlich model assumes that the adsorption
surface is heterogeneous and it can be represented by
Eq. (5) [28]:

qe ¼ kFC
1=n
e (5)

where kF is the Freundlich constant ((mg g−1)
(mg L−1)−1/n) and 1/n is the heterogeneity factor.

The BET isotherm is an extension of the Langmuir
theory for monolayer adsorption to multilayer adsorp-
tion, when the increase of adsorbate–adsorbate interac-
tion and multilayer formation occurs due to secondary
adsorption at a given site and it can be represented by
Eq. (6) [29]:

qe ¼ qBETK1Ce

1� K2Ceð Þ 1� K2Ce þ K1Ceð Þ (6)

where qBET is the monolayer adsorption capacity
(mg g−1), K1 and K2 are the BET constants (L mg−1).
The equilibrium parameters were determined by

Table 1
Experimental design matrix and results for the vanadium adsorption onto CF

Experiment (n˚) pH [coded form] CF dosage (mg L−1) [coded form] R (%)a q (mg g−1)a

1 4 [−1] 100 [−1] 23.4 ± 0.4 233.6 ± 0.2
2 4 [−1] 300 [0] 33.3 ± 0.3 110.9 ± 0.1
3 4 [−1] 500 [+1] 38.9 ± 0.1 77.9 ± 0.2
4 6 [0] 100 [−1] 25.1 ± 0.1 251.4 ± 0.3
5 6 [0] 300 [0] 50.3 ± 0.2 167.2 ± 0.7
6 6 [0] 500 [+1] 39.9 ± 0.6 79.9 ± 0.3
7 8 [+1] 100 [−1] 18.0 ± 0.2 180.1 ± 0.5
8 8 [+1] 300 [0] 19.7 ± 0.3 65.8 ± 0.1
9 8 [+1] 500 [+1] 20.0 ± 0.2 40.0 ± 0.6

Note: R: vanadium removal percentage; q: adsorption capacity.
aMean ± standard deviation (n = 3).
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nonlinear regression, using Statistic 7.0 software
(Statsoft, USA). Coefficient of determination (R2) and
average relative error (ARE) were used to select the
best fit isotherm model.

The Gibb’s free energy (ΔG˚), for the adsorption of
vanadium by CF was determined by Eq. (7) [30]:

DG� ¼ �RT ln ðqwKDÞ (7)

where KD is the thermodynamic equilibrium constant
(L mol−1), ρw is the water density (g L−1), T is the tem-
perature (K), and R is the universal gas constant
(8.314 J mol−1 K−1). The KD values were estimated
from the slope of initial linear portion of qe vs. Ce [31].

The enthalpy change (ΔH˚) (kJ mol−1) and entropy
change (ΔS˚) (kJ mol−1 K−1) were determined by van’t
Hoff’s plot, according to Eq. (8) [30–32]:

ln ðqwKDÞ ¼ DS�

R
� DH�

RT
(8)

2.5. Evaluation of CF–vanadium interactions

In order to evaluate the CF–vanadium interactions,
the CF were analyzed by FTIR and TGA before and
after the adsorption process. The identification and
possible alterations of the functional groups were car-
ried out using infrared analysis with attenuated total
reflectance (FTIR–ATR) (Prestige 21, the 210045, Japan).
The TGA was also performed with a heating rate of
10˚C min−1, in the temperature range from 20 to 500˚C
under N2 at 50 mL min−1 (Shimadzu, DTG–60, Japan).

3. Results and discussion

3.1. CF characteristics

The CF were characterized according to the tensile
strength, elongation, and thickness. The values were
for tensile strength of 27.6 ± 2.3 MPa and elongation of
12.6 ± 1.3%. The CF thickness was of 62 ± 4 µm. It was
also observed that CF maintained its physical struc-
ture after adsorption process. Based on these results
and on the literature [9,12], it can be affirmed that CF
have good mechanical properties and are suitable for
use in adsorption processes. These characteristics can
facilitate the phase separation and regeneration after
adsorption process [13].

3.2. Optimization by RSM

The vanadium adsorption onto CF was optimized
as a function of pH and CF dosage by RSM. The

factors, levels, and experimental results for removal
percentage (R) and adsorption capacity (q) are shown
in Table 1. Analysis of variance (ANOVA) was
employed in order to verify the significance of pH
and CF dosage on the responses (R and q). The
ANOVA showed that the linear and quadratic effects
of pH and CF dosage were significant (p < 0.05) in
relation to R and q. The interaction effect was also sig-
nificant (p < 0.05). The statistical polynomial quadratic
models which represent the dependence of vanadium
removal percentage (R) and adsorption capacity (q) in
relation to the pH (coded form: x1) and the CF dosage
(coded form: x2) are shown by Eqs. (9) and (10),
respectively:

R ¼ 44:8 � 2:8x1 þ 1:9x2 � 15:7x21 � 9:8x22 þ 1:8x1x2

(9)

q ¼ 146:9 � 22:8x1 � 77:9x2 � 48:2x21 þ 29:1x22
þ 4:0x1x2 (10)

In order to verify the prediction and significance of
the statistical models (Eqs. (9) and (10)), ANOVA and
Fischer’s F test were employed. The high values of
coefficients of determination (R2 = 0.97 and 0.98,
respectively) showed that the models were significant.
The calculated F values (FCALC = 13.3 and 95.2) were
higher than standard F values (FTAB = 3.11) showing
that the models were predictive. It was also verified
that the distribution of residues was random around
zero, for both responses. Then, the statistical models
were used to generate the response surfaces (Fig. 1(a)
and (b)), which represents the R and q as a function of
independent variables.

Fig. 1(a) and (b) shows that the vanadium removal
percentage (R) and adsorption capacity (q) showed a
parabolic behavior in relation to the pH, being the
maximum values obtained at pH 6. This behavior can
be explained due to the CF and vanadium characteris-
tics under different pH values. In the acidic region
(pH 4 and 6), the amino groups of CF are protonated,
but in the alkaline region (pH 8), a decrease in these
positive charges occurs [9]. The forms of vanadium
existing in aqueous solution depend on its concentra-
tion and the pH value. The vanadium in the pH val-
ues of 4, 6, and 8 are mainly in the forms of HV10O

5�
28 ,

V10O
6�
28 , and V4O

4�
12 , respectively [26]. Thus, the

V10O
6�
28 can be preferentially adsorbed due to the

highest electrostatic interaction with the protonated
adsorbent.

Fig. 1(a) shows that the increase in CF dosage
(from 100 to 300 mg L−1) led to a strong increase in
the vanadium removal percentage. This occurred
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because high CF dosage in the solution provides more
available sites for the vanadium adsorption. However,
when the CF dosage increased to 500 mg L−1, a smal-
ler variation in the removal percentage was observed.
Aydin and Aksoy [33] found similar results in the
chromium adsorption onto chitosan. Otherwise, the
Fig. 1(b) shows that adsorption capacity increased
when the CF dosage decreased. This behavior can be

justified because the adsorption capacity was inversely
proportional to the amount of CF (see Eq. (2)).

In the considered range of the present work, the
more suitable conditions for the vanadium adsorption
onto CF were found in the maximum points of the
response surface curves (Fig. 1(a) and (b)). These
conditions were in pH 6.0 and CF dosages of 300
and 100 g L−1, respectively, for the removal percent-
age (R = 50.3%) and the adsorption capacity
(q = 251.4 mg g−1). Guzmán et al. [16], in the vana-
dium adsorption onto chitosan powder, obtained val-
ues of 390.9 mg g−1 at pH 5.2. Bhatnagar et al. [34]
found values of 27.0 mg g−1, in the vanadium adsorp-
tion onto waste metal sludge. Table 2 shows a com-
parison of CF with other adsorbents for vanadium
removal from aqueous solution. In this table, it is
observed that CF presented suitable adsorption
capacities, and it can be used as an adsorbent to
remove vanadium from aqueous solutions [16,34,35].

3.3. Equilibrium and thermodynamic results

The equilibrium isotherms were performed at pH
6 and CF dosage of 300 mg L−1 (based on the results
of Section 3.2). Fig. 2 shows the equilibrium curves of
vanadium adsorption onto CF under different tem-
peratures (293, 313, and 333 K). Based on Ruthven
[36], it can be inferred that the isotherms of vanadium
adsorption onto CF were type II (Fig. 2). This shape is
generally observed in adsorbents with a wide range of
pore sizes. In this case, there is a continuous progres-
sion with increasing loading from monolayer to multi-
layer [5]. Fig. 2 shows that the increase in temperature
led to an increase in the vanadium adsorption capac-
ity. This behavior can be attributed to the increase in
the vanadium mobility in the solution [34]. Further-
more, the increase in temperature also caused a strong
swelling effect within the internal structure of the CF
[9], which facilitated the vanadium penetration.

Freundlich and BET isotherm models were used to
fit the equilibrium data of vanadium adsorption onto
CF at different temperatures. The isotherm parameters
are shown in Table 3. Based on results of R2 and ARE,

Fig. 1. Experimental design results R (a) and q (b) as a
function of independent variables.

Table 2
Experimental results in similar studies relatives to vanadium adsorption

Adsorbent Adsorbent dosage (mg L−1) pH Adsorption capacity Refs.

Chitosan films (CF) 300 6 251.4 [This work]
Chitosan flakes 250 3 449.5 [16]
Metal sludge 2,000 7.6 27 [34]
Chitosan–zirconium(IV) composite 100 4 208 [35]
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it can be affirmed that the BET isotherm model was
the more appropriate to fit the experimental data. This
suggests a multilayer adsorption and corroborates
with the isotherm shape. Piccin et al. [37] in the
adsorption of black 210 dye on tannery solid waste
verified that the BET model was the more adequate.
They attributed this behavior due to the secondary
adsorption at a given site, forming a multilayer and
hence leading to a satisfactory adjustment to the BET
model. The K1 and K2 values increased with the tem-
perature confirming that the adsorption was favored
at 333 K (Table 3). K1 represents the inverse of the
equilibrium concentration in the liquid when the
adsorption capacity reaches half the monolayer
adsorption capacity. The K2 values represent the
inverse of the concentration value when the isotherm
becomes a vertical line, and they are associated with
superficial solubility of ions [37]. Furthermore, the

increase in temperature caused an increase in the qBET
value from 90.9 to 102.3 mg g−1.

The van’t Hoff plot and the thermodynamic
parameters are shown in Fig. 3 and Table 4, respec-
tively. The R2 value of the linear fit was of 0.9892. In
Table 4, the negative ΔG˚ values indicate that the
adsorption process was favorable and spontaneous.
The positive ΔH˚ value showed that the vanadium
adsorption onto CF was an endothermic process
[38,39].

The magnitude of ΔH˚ suggested that physical
sorption mechanisms were involved in vanadium
adsorption onto CF [39]. The positive ΔS˚ value sug-
gested that increased randomness at the solid–solution
interface occurred in the internal structure due to the
uptake of vanadium onto CF [40,41].

3.4. CF–vanadium interactions

The possible CF–vanadium interactions were eluci-
dated using FTIR and TGA. Fig. 4 shows the CF vibra-
tional spectrum before and after the adsorption.
Fig. 4(a) shows the characteristic bands of CF, relative

Fig. 2. Equilibrium experimental data.

Table 3
Isotherm parameters for the vanadium adsorption onto CF

Model 293 K 313 K 333 K

Freundlich
kF (mg g−1)

(L mg−1)−1/n
0.031 ± 0.2 1.401 ± 0.1 0.549 ± 0.2

n 0.592 ± 0.4 0.939 ± 0.3 0.833 ± 0.1
R2 0.939 0.900 0.914
ARE (%) 13.73 13.30 14.29

BET
K1 (L mg−1) 0.013 ± 0.1 0.032 ± 0.3 0.033 ± 0.2
K2 × 103 (L mg−1) 2.97 ± 0.5 3.12 ± 0.4 3.15 ± 0.4
qBET (mg g−1) 90.13 ± 0.4 90.90 ± 0.1 102.25 ± 0.5
R2 0.985 0.982 0.971
ARE (%) 8.32 8.21 9.01

Fig. 3. van’t Hoff plot.

Table 4
Thermodynamic parameters for the vanadium adsorption
onto CF

Temperature
(K)

ΔG˚
(kJ mol−1)a

ΔH˚
(kJ mol−1)a

ΔS˚
(kJ mol−1 K−1)a

293 −16.44 ± 0.01 9.02 ± 0.10 0.09 ± 0.01
313 −18.45 ± 0.01
333 −20.07 ± 0.02

aMean ± standard deviation (n = 3).
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to the N–H and O–H stretching between 3,100 and
3,500 cm−1, respectively, and the C–N in 1,550 and
1,075 cm−1 [7], respectively.

After the adsorption process (Fig. 4(b)), shifts
occurred in the CF amino and hydroxyl groups and a
new absorption appears at 930 cm−1 (unsymmetrical)
due to the stretching frequency of the V=O group [42].
This is due to partially superposed absorptions of dif-
ferent vanadium sites. Furthermore, a series of bands
resulting from V–O sensitive modes between 450 and
600 cm−1 were present in the spectrum and indicate
that there are vanadium ions in different points in the
CF.

Fig. 5 shows the TGA curves of CF before adsorp-
tion process (Fig. 5(a)) and after adsorption process
(Fig. 5(b)). In both the cases, CF showed three weight
loss steps. The first step, below 110˚C, can be ascribed
to the evaporation of adsorbed water molecules. Then,
the slight weight loss from 110 to 260˚C can be
assigned to the removal of the labile oxygen-containing

functional groups, like CO, CO2, and H2O. The last
weight loss, in the range from 260 to 500˚C, can be
assigned to the carbon skeleton decomposition of CF
[43,44]. However, after the adsorption process
(Fig. 5(b)), a higher amount of sample remained (see at
the end of TGA curve). This mass can be attributed to
the adsorbed vanadium, whose melting point is
around 1,910˚C [45]. FTIR and TGA confirmed the
vanadium adsorption on CF.

3.5. Desorption and recycling

In order to verify the possible reuse of CF, adsorp-
tion–desorption cycles were carried out using 100 mL
of eluent solution and 50 mg of CF loaded with
vanadium. NH4Cl solution (0.01 mol L−1) was used as
eluent. It was found that all vanadium was removed
from the CF during six adsorption–desorption cycles.

Fig. 4. CF vibrational spectrum before (a) and after (b) the
adsorption.

Fig. 5. TGA curves of CF before (a) and after adsorption
(b).
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This result suggests the electrostatic interaction
between CF and vanadium [18]. Six adsorption–desorp-
tion cycles were possible, maintaining similar behavior
to the adsorption capacities (around 250 mg g−1) and
mechanical properties of CF. Table 5 shows the charac-
teristics of CF during all regeneration cycles.

4. Conclusions

The vanadium removal from aqueous solutions by
adsorption onto CF was studied. CF showed good
mechanical properties (tensile strength and elonga-
tion), which facilitated the phase separation after
adsorption. RSM showed that the more suitable
adsorption conditions were in pH 6 and CF dosages
of 100 and 300 mg L−1 for removal percentage and
adsorption capacity, respectively. The values of vana-
dium removal percentage and adsorption capacity
obtained under these conditions were 50.3% and
251.4 mg g−1, respectively. The BET model presented
best fit with the equilibrium experimental data, sug-
gesting a multilayer adsorption. The thermodynamic
study demonstrated that the adsorption process was
spontaneous, favorable, and endothermic. FTIR and
TGA analysis confirmed the presence of vanadium in
the CF. Practically, all vanadium was removed from
the CF during six adsorption–desorption cycles.
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