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Abstract
In this study, the synthesis of iron oxide stabilized by chitosan was carried out for the application and optimization in the removal
process of aqueous Cr(VI) by central composite design (CCD). The calculation of these effects allowed to know, quantitatively,
the variables and the interaction between them that could affect the Cr(VI) removal process. It was also verified that the most
favorable conditions for chromium removal were the following: pH 5.0, Cr(VI) concentration of 130 mg L−1, adsorbent mass of
5 mg, and Fe(II) content of 45% (w/w) in the CT-Fe beads. The adsorption kinetics performed under these conditions showed that
the chitosan/iron hybrid composite is an adsorbent material with high chromium removal capacity (46.12 mg g−1). It was found
that all variables were statistically significant. However, it was observed that the variable that most affected Cr(VI) removal was
the pH of the solution, followed by the concentration of chromium ions in solution and the interaction between them. Therefore,
the studied experimental conditions are efficient in chromium adsorption, besides the operational simplicity coming from
statistical design. Theoretical calculations showed that the most stable chitosan was that with Fe(II) in the structure, that is, in
the reaction mechanism, there is no competition of Fe(II) with Cr(III, VI) in the available sites of chitosan. Thus, the theoretical
calculations show that the proposed Cr(VI) removal is effective.

Keywords Cr(VI) adsorption . Central composite design . Theoretical calculations . Adsorption mechanism . Operational
simplicity

Introduction

Chromium is one of the most toxic metals discharged into the
environment by various industrial effluents and has become a
serious health problem (Lee et al. 2017). As a hexavalent ion,
this element does not have any essential metabolic function
for plants and accumulates predominantly in the roots, induc-
ing phytotoxicity and interfering in growth, nutrient absorp-
tion, and photosynthesis (Ashraf et al. 2017; Shahid et al.
2017). As a transition element, chromium can occur in differ-
ent oxidation states. However, only Cr(III) and Cr(VI) are
more stable, produced mainly from anthropogenic sources,
such as industrial effluents from tanning, galvanizing, paint-
ing, and textile industries (Shahid et al. 2017). Cr(VI) has
higher mobility in the soil, with toxicity about 10 to 100 times
higher than Cr(III). For animals, the metal with oxidation state
plus six has a mutagenic, carcinogenic, and teratogenic poten-
tial (Prado et al. 2016). Therefore, the efficient removal of
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Cr(VI) from contaminated environments is a fundamental pre-
mise of technological development and industrial progress
(Cunha et al. 2016; Ye et al. 2017).

In this context, adsorption appears as a recognized method,
an efficient and economical way to remove contaminants in
water bodies, due to its simplicity, reliability, and safety (Yao
et al. 2014; Haldorai et al. 2015; Bibi et al. 2018). The mod-
ification of iron oxides with organic constituents has gained
attention due to the obtention of materials with diverse struc-
tural properties and different applications. Iron oxide compos-
ites, particularly in the magnetite phase, have been exploited
for the adsorption of organic and inorganic pollutants, mainly
due to the rapid separation through the use of external mag-
netic fields (Hua et al. 2012; Rossi et al. 2014; Lingamdinne
et al. 2017; Tahar et al. 2018).

The development of magnetic particles requires surface
modification to improve the adsorption capacity for which they
are intended. Iron oxides usually have a mass structure with
reduced specific surface area, which negatively affects the ad-
sorption process. Thus, researchers have been dedicated to
reducing this type of problem associated with particle aggre-
gation, by the hybridization of active constituents with other
materials (Su 2017; Hao et al. 2016; Lu et al. 2017). The
addition of organic compounds together with iron oxide in
the Cr(VI) removal process may be advantageous to avoid
the precipitation of the reduced chromium species, as it may
be adsorbed on the organic matrix (Chagas et al. 2018).
Therefore, the appropriate choice of the non-mineral constitu-
ent with specific functional groups can increase adsorption
performance by the complexation mechanism and thus mini-
mize the aggregating capacity of magnetite particles (Buerge
and Hug 1999; Qin et al. 2016). Thus, oxygenated and nitrog-
enous groups are the main classes for the formation of coordi-
nated structures based on Lewis acid-base chemistry. Chitosan
is a low-cost biopolymer, renewable, and biodegradable, of
great economic and environmental importance (Sahu et al.
2014; Choi et al. 2016). It has excellent metal adsorption prop-
erties, mainly due to the presence of amino (–NH2) and hy-
droxyl (–OH) groups in its polymer matrix (Vieira et al. 2014).

Given the above, the synthesis of a material based on a
highly dispersed iron oxide structure stabilized by chitosan
(CT) was carried out in this study. The CT-Fe composite was
formed by the direct incorporation of Fe(II) into the soluble
carbohydrate gel. The polymer structure was regenerated for
the production of nanostructured magnetic CT-Fe iron oxides
with spherical shape. Chitosan beads, with different propor-
tions of iron oxide, were tested for Cr(VI) removal in aqueous
medium. Several papers currently available in the literature
have already demonstrated the potential of CT in removing
Cr. However, many of these manuscripts detail the experimen-
tal parameters in an individualized way, not taking into account
its application in a real industrial process. In these situations, it
is important to assume the effects of all variables and the

relations governing their mutual interactions. In this
connection, Beheshti et al. (2016) published the effect of the
independent variable and, since 2016, no other correlated study
was found. Sikder et al. (2014) did not describe the integration
of the altered physicochemical factors, even in later publica-
tions. This limitation is also found in other important studies
(Kim et al. 2015; Yan et al. 2016; Li et al. 2013; Zhang et al.
2016). In this context, our research group published the first
study that described and characterized more comprehensively
the formation of the chitosan-iron oxide hybrid composite.
This first study was also essential to know the behavior of
the CT-Fe-Cr(VI) system since, only after the study of all the
independent parameters, it was possible to define the minimum
and maximum parameters with a higher confidence level for
the optimization of the removal process of hexavalent chromi-
um in a multivariate analysis (Chagas et al. 2018).

To develop a suitable adsorption process, there are a num-
ber of parameters that influence the process, such as pH, ad-
sorbate concentration, adsorbent mass, and temperature,
which should be studied. Thus, central composite design
(CCD) was used to optimize all parameters that affect adsorp-
tion. In addition, for the surface chemistry of the process to be
known in greater detail, it was assessed how independent pa-
rameters can at the same time interfere with the adsorption
capacity of the system. This study succeeds the first experi-
mental demand in which it was verified, in batch, which main
parameters are responsible for interfering in the adsorption.
Now, aware of this demand, CCD was used to reduce the total
number of experiments in order to achieve the overall optimi-
zation of the combined process (Nunes et al. 2012; Bhatti et al.
2017). In this study, the effects of the following variables were
investigated: iron content incorporated in the chitosan beads,
pH of the reactionmedium, adsorbent mass, and concentration
of chromium ions in aqueous solution. In order to evaluate the
reactions that occur in the system, theoretical calculations at
the DFT level were also performed; 13 reactions of chitosan
with iron(III) and chromium(VI) were proposed.

Material and methods

Experimental design for the optimization
of multivariate parameters

In order to define the optimum aqueous Cr(VI) adsorption
conditions, the parameters of iron mass content in the beads,
adsorbent mass, pH, and concentration of Cr(VI) ions in solu-
tion were determined for the experimental design. For each
parameter, the minimum and maximum levels of the study
range were defined taking into account aspects such as feasi-
bility and practicality of the process. Thus, the choice of Fe(II)
contents in the range of 15–45% (w/w) was defined, since
values above 50% (w/w) could compromise the physical
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integrity of the beads; pH values of 5–9 represent the study
range with the highest technical applicability, and the
supernatant remaining after chromium removal would be
within or adjacent to what is established by Resolution 357
of CONAMA (2011) and the World Health Organization
(WHO) (2004); the adsorbent mass had values ranging from
20 to 50 mg (Sampaio et al. 2015) and, in relation to Cr(VI)
concentration, the concentrations were in the range of 35–
100 mg L−1, since they are considered high above 100 mg L−1

when toxic metals are removed and the limit of 35 mg L−1 was
chosen, once the CCD program is the optimization method
used, allowing extrapolation to include axial points.

The analysis of the main effects and interactions that oc-
curred on adsorption, with the variation of parameters in the
selected range, was carried out by experimental design (cen-
tral composite design, CCD). Twenty-seven tests were per-
formed, considering the four defined variables, 15 factorial
points, 8 axial points, and 3 central points (Table 1). The latter

were performed with the purpose of estimating the experimen-
tal error and the reproducibility of the obtained results. The
Chemoface software, version 1.61 (Nunes et al. 2012), was
used to design the experiments and optimize the adsorption
process based on criteria of statistical significance.

The individual effects of the defined variables, as well as
the effects of the interaction between these variables on the
adsorption process, were calculated according to the method-
ology proposed by Neto et al. (2010). The significance of each
effect was defined by direct comparison with the value of the
critical effect, calculated in relation to the variation of repeti-
tions at the central point (95% confidence interval), so that any
effect that presented absolute value greater than the value cal-
culated for the critical effect was considered significant for the
process. The graphical representation of the analyses was per-
formed with the construction of the Pareto chart.

In order to obtain the optimum conditions for the process
and quantitative values for adsorption at any point within the

Table 1 Experimental design matrix of four variables with chrome removal response

Test Content of Fe(II)
(%) in the beads

pH Adsorbent
mass (mg)

Concentration of Cr(VI)
in solution (mg L−1)

Removal of Cr(VI) qe
(mg g−1) ± SD

Variables (X1) (X2) (X3) (X4)

1 15 5 20 35 6.55 ± 0.33

2 15 5 20 100 17.67 ± 0.56

3 15 5 50 35 2.85 ± 0.04

4 15 5 50 100 36.20 ± 0.67

5 15 9 20 35 7.40 ± 0.17

6 15 9 20 100 1.30 ± 0.11

7 15 9 50 35 3.30 ± 0.15

8 15 9 50 100 1.22 ± 0.17

9 45 5 20 35 1.99 ± 0.03

10 45 5 20 100 8.82 ± 0.01

11 45 5 50 35 20.55 ± 0.20

12 45 5 50 100 4.78 ± 0.05

13 45 9 20 35 10.22 ± 0.23

14 45 9 20 100 3.57 ± 0.11

15 45 9 50 35 6.17 ± 0.03

16 45 9 50 100 2.97 ± 0.05

17 0 7 35 67.5 5.00 ± 0.16

18 60 7 35 67.5 1.36 ± 0.12

19 30 3 35 67.5 5.17 ± 0.35

20 30 11 35 67.5 13.12 ± 0.12

21 30 7 5 67.5 2.08 ± 0.15

22 30 7 65 67.5 12.61 ± 1.15

23 30 7 35 2.5 3.16 ± 0.01

24 30 7 35 132.5 6.42 ± 0.30

25 30 7 35 67.5 4.26 ± 0.28

26 30 7 35 67.5 4.45 ± 0.03

27 30 7 35 67.5 4.38 ± 0.16
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analyzed region, the experimental data were adjusted to a
regression equation using the quadratic model, from which
response surfaces were constructed for the range of studied
values. The graphic construction was also enabled by the use
of Chemoface software (Nunes et al. 2012).

Synthesis of chitosan and iron oxide beads stabilized
by chitosan (CT-Fe)

The chitosan solution was prepared by solubilizing 3.5 g chi-
tosan (CT) (low molecular weight, obtained from Sigma-
Aldrich®, degree of deacetylation 80.7% ± 1.35 (Chagas
et al. 2015)) in 100 mL of acetic acid solution (2% v/v), under
stirring for 1 h (Chagas et al. 2018). In this solution, different
Fe(II) proportions were then incorporated in relation to the
chitosan mass: (a) 0.525 g Fe(II) (CT-Fe 15% w/w); (b)
1.05 g Fe(II) (CT-Fe 30% w/w); (c) 1.575 g Fe(II) (CT-Fe
45% w/w); and (d) 2.10 g Fe(II) (CT-Fe 60% w/w), using the
reagent FeCl2·4H2O (Fe contents were calculated by the CCD
methodology, Table 1). The mixture remained under stirring
until complete solubilization of this reagent.

For the production of the beads, the above mixture was
dripped into a 2 mol L−1 NaOH solution using a needle
attached to a syringe at a height of 10 cm from the solution,
with the aid of a vacuum pump, immediately yielding gel
coagulation in spherical shape. The pure chitosan solution
was also dripped to obtain the polymer beads without the
presence of the metal. The beads remained for 16 h in the
base solution and were then washed with deionized water
until neutral. Subsequently, the materials were oven dried
at 60 °C for 12 h (The dry bead had an average diameter of
about 1.0 mm).

Characterization of materials

The morphological analysis of the materials was performed
using a LEO 440 SEM equipment with an OXFORD detector,
using a 15-kVelectron beam. The functional groups of beads
were determined by vibrational spectroscopy in the infrared
region using Fourier transform. A Varian-660 IR, Pike,
coupled to an ATR device with 32 scans and 4 cm−1 resolu-
tion, was used in the spectral range of 400–4000 cm−1.

The procedure for calculating the zero charge point (pzc)
consisted of adding 10 mg of the adsorbent in 10 mL of
0.1 mol L−1 aqueous KCl solution under 12 different initial
pH conditions (1–12), adjusted with 0.1 mol L−1 HCl or
NaOH solutions. After 24 h of contact to reach equilibrium
and a thermostatic bath at 25 °C under mechanical stirring, the
solutions were filtered and the final pH was recorded (Prahas
et al. 2008).

The nitrogen adsorption-desorption isotherms were obtain-
ed at 77K in a Quantachrome instrument (NOVA 1200). The
samples were previously degassed for 12 h at 100 °C. The

specific surface area was calculated using the BET equation.
The pore size distribution and pore volume were calculated
based on the N2 adsorption isotherm, using the Horvath-
Kawazoe (HK) method.

Removal tests of aqueous Cr(VI)

The experiments to select the most suitable Fe proportion in
the chitosan beads for Cr(VI) removal were carried out in
flasks containing 10 mL of the Cr(VI) (K2Cr2O7) stock solu-
tion, together with the adsorbent materials (CT-Fe), kept under
mechanical stirring for 24 h at 25 °C ± 1 °C (the concentration
of the solution, pH, and adsorbent mass were adjusted accord-
ing to the CCD methodology). After adsorption, the residual
chromium concentration in the solutionwas determined by the
colorimetric method, using 1,5-diphenylcarbazide, and read-
ing at the wavelength of maximum absorption of the formed
complex, at λ = 540 nm (APHA 2012). Cr(total) was dosed
after Cr oxidation in acidic medium with potassium perman-
ganate at high temperature. Cr(III) was calculated by the dif-
ference between Cr(total) and Cr(VI) in the solution. Cr(VI)
removal capacity was calculated using Eq. (1).

qe mgg−1
� � ¼ C0−Ce

m
� V ð1Þ

where adsorption capacity qe (mg g−1) = adsorption capac-
ity,C0 (mg L−1) = initial concentration content of Cr(VI) in the
solution, and Ce (mg L−1) = concentration of metal at equilib-
rium described in Eq. (1); V (L) = volume of sample solution
and m (g) = adsorbent mass.

The kinetic study was conducted with the best conditions ob-
tained by the optimization of themultivariate parameters byCCD.

Computational methods

The structures were initially built in the Chemcraft program
(Zhurko and Zhurko 2015). Subsequently, optimization and
frequency were calculated with the ORCA program (Neese
2012), using the B3LYP functional and 6–31g basis functions
for all atoms. Quantum theory of atoms in molecules
(QTAIM) was calculated using the AIMALL package (Keith
2010) (they were calculated using QTAIMQB calculations;
the results were analyzed by the AIMSTUDIO program, both
are part of the AIMALL package).

Results and discussion

Characterization

Bead morphology was observed by scanning electron micros-
copy (Fig. 1). In Fig. 1a, it was observed that the CT-Fe
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material (45%w/w) had a spherical shape and a homogeneous
size. Pure chitosan displays a smooth and regular surface
(Fig. 1b); the well-arranged polymer chains observed are
probably a result of the functional groups present on its struc-
ture (–NH2 and –OH).

In Fig. 1c, the composite material formed by iron oxide
dispersed in the chitosan network (CT-Fe) is shown. Unlike
the beads formed by pure CT, the addition of iron has a very
pronounced effect on composite morphology, since the
formed iron oxide gave the beads a highly rough and irregular
surface in the form of folds. This morphological change ob-
served in the material was possibly caused by the cross-
linking of chitosan chains which, in the presence of iron, used
–NH2 and –OH groups to complex together with the metal.
The highly rugged texture, with a modified surface arrange-
ment, positively contributed so that adsorption events were
optimized (Chagas et al. 2018).

After Cr(VI) adsorption on the beads, the surface was more
strongly modified, which shows that the presence of the metal
element was assertively responsible for disrupting the chitosan
chains strongly bound by hydrogen bonds or any other cohe-
sive force (dipole-dipole, dispersive forces, etc.) (Fig. 1d).

The values of the specific surface area (m2 g−1) of materials
were calculated using the BET equation. The HK method was

used to calculate the corresponding pore size distribution (nm)
and pore volume (cm3 g−1). The results are presented in
Table 2. The materials had an average pore size of 9.0 nm,
which characterize them as mesoporous materials (Thommes
et al. 2015).

The iron oxide synthesized with chitosan led to an increase
in surface area and pore volume, when compared to chitosan
(Table 2). The high surface area value of the CT-Fe composite
(1418.0 m2 g−1) is in agreement with the images obtained by
scanning electron microscopy (Fig. 1b and c), in which a
significant change in chitosan morphology was observed in
the presence of the metal. This increase in the area associated
with the rough appearance of the composite favors the adsorp-
tion processes, since the number of active sites available on
the material surface also increases. Similarly, the adsorption of
chromium ions by the CT-Fe composite reduced surface area
(820 m2 g−1) and pore volume (0.127 cm3 g−1), suggesting
that the available active sites were occupied by the metal,
reducing the contact surface and the adsorption of N2.

The obtained results of the chitosan infrared spectroscopy
(FTIR) analysis, CT-Fe (15, 30, 45, and 60% w/w), are shown
in Fig. 2. For the pure polymer material, CT, the vibration
broadband near 3000 to 3600 cm−1 can be attributed to the
O–H and N–H bonds present in its structure, as well as water

Fig. 1 Scanning electron
microscopy (SEM). a Chitosan
beads CT-Fe (45% w/w)
(100 μm). b Chitosan (CT)
(2 μm). c CT-Fe (45% w/w)
(2 μm). d CT-Fe (45% w/w), after
Cr(VI) removal (2 μm)

Table 2 BET surface area,
average pore diameter, and total
pore volume of CT, CT-Fe (45%
w/w), and CT-FeCr

Sample BET surface area (m2 g−1) Average pore size (nm) Pore volume (cm3 g−1)

Chitosan 85.86 9.23 0.012

CT-Fe (45% w/w) 1418.0 9.24 0.215

CT-FeCr 820.0 9.68 0.127
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on the surface of the materials. We also report the presence of
bands at 1650 and 1590 cm−1, related to the stretching of N–H
amide bonds; this functional group is a remaining from the
incomplete conversion of chitin to chitosan. Vibrations be-
tween 1420 and 1300 cm−1 represent the C–N bonding.
Vibrations appearing on lower wavenumbers are characteristic
of the deformations of C–O and C–N.

Changes were observed in the position and intensity of O–
H and N–H vibration bands after the incorporation of Fe into
the polymer matrix (CT-Fe 15, 30, 45, 60% w/w), as shown
around 3000–3600 cm−1 and 1650–1590 cm−1 in Fig. 2. As
described by Zhu et al. (2016), the deconvolution analysis is
an effective way to find hidden peaks and can distinguish
groups located in different positions. The deconvoluted N–H
regions of the IR spectra are shown in Fig. 2b and c for CTand
CT-Fe materials. The components of amino groups are obtain-
ed by Lorentzian fits. From the mathematical adjustment per-
formed for the bands corresponding to symmetrical angular
deformation N–H (1650 and 1590 cm−1) for CT and CT-Fe
60%, it is possible to show the displacement of this band to
regions of lower intensity with the presence of Fe in the poly-
mer matrix, for example, at 1650 cm−1 for CT and at
1648 cm−1 for CT-Fe 60% (positions and assignments of these
peaks, as well as full widths at half maximum, FWHM)
(Branca et al. 2016). This behavior can be explained by chem-
ical factors that affect vibrational aspects (Wang and Liu
2014). Side effects such as the neighborhood of a functional
group become significant when the neighborhood exhibits
strong receptor or electron donor characteristics. Iron (Fe) is
an electron acceptor acting as a Lewis acid and, consequently,
this characteristic will affect the bond strength and the dipole
moment of the –NH group (Pasquini 2003). Since the func-
tional groups –NH or –OH have strong bonds (hydrogen
bonding) on their structure, the bands shift to a higher

wavenumber. Since the now-complexed Fe atom is located
near the bonding site, this bond will be weakened, causing
changes in the electron density distribution and the bands
move to regions of lower intensity. In addition, the presence
of an electron acceptor might cause the hydrogen bonding
bands to become more harmonic with reduced intensity
(Rakkapao et al. 2011; Singh and Ahmad 2010).

Another side effect at the microscopic level is the material
crystallinity. After Fe incorporation, the composites become
more amorphous in relation to the semi-crystalline nature of
the polymer, which causes a reduction in the bands related to
the polymer (Pasquini 2003).

For CT-Fe materials, it was observed that, in addition to the
bands characteristic of the polymer, a new band also appears
in low-frequency regions, at 789 cm−1. This band begins to
appear in the CT-Fe material (30% w/w) and is more evident
with the increase in Fe incorporated into chitosan (CT-Fe 45
and 60% w/w). According to Cornell and Schuwertmann
(2003), this band is compatible with Fe–O vibrations in struc-
tures whose crystalline arrangement is related to the three-
dimensional network of oxides, confirming the formation of
the active phase directly bound to the chitosan matrix
(Beheshti et al. 2016).

Optimization of multivariate parameters
in the removal of aqueous Cr(VI)

The optimization step consisted in obtaining the best analysis
response with the investigation of important variables and
their interactions using a second-order model. CCD was used
for the optimization of the analysis methodology of aqueous
Cr(VI) removal by the CT-Fe hybrid composite against the
parameters: Fe(II) content in the beads, pH, adsorbent mass,
and concentration of chromium ions in solution. Table 1

Fig. 2 Infrared spectra of
chitosan (CT) beads and CT-Fe
(15, 30, 45, and 60%w/w) (a) and
deconvolution of the overlapped
bands (b, c)
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shows the removal of aqueous Cr(VI) against the parameters
and their respective levels evaluated.

After obtaining the experimental results, the effect of the
variables and their interactions on the removal of aqueous
Cr(VI) were statistically estimated and the results are present-
ed in the Pareto chart (Fig. 3). The objective of the Pareto chart
is to graphically demonstrate the significance and the relation-
ship of the effects of the variation in the studied parameters on
the adsorption process. The dotted line is related to the value
of p; the variables or interactions that exceed this line are those
that represent significant effects on the response variable, that
is, the removal capacity of Cr(VI).

It was possible to establish that the parameter whose vari-
ation most influenced the adsorption results was pH, with an
antagonistic effect (negative signal), so that higher adsorption
rates will be obtained in acidic medium. After pH, the second
most important parameter to be taken into account in the
search for optimization was the concentration of chromium
ions in solution, with a synergistic effect (positive signal), in
which higher removal values were obtained in more concen-
trated metal solutions.

According to the Pareto chart, the third parameter that was
significant involves the catalyst mass. In this case, smaller
masses reflect in an increase in Cr(VI) removal capacity.
Among the defined parameters, the change in Fe(II) content
in the beads was less significant for the removal process of
chromium ions, showing a synergistic effect (positive signal),
so that higher iron oxide contents in the chitosanmatrix lead to
greater removal capacity.

As important as the analysis of the main effects of each
parameter, it was also possible to observe the effects that
may arise from the interaction between them (Fig. 3), when
there is a simultaneous variation in their levels. Basically, a
significant interaction effect leads to the conclusion that there

will not be only a single optimized value when varying the
other parameters. In this study, the effects of the simultaneous
variation in pH and concentration of chromium ions (X2*X4),
as well as pH and composite mass (X2*X3), had a greater
interference in the removal values than the individual varia-
tion of the iron content in the chitosan matrix, which was also
significant, but to a lesser extent.

The interaction between iron content and pH (X1*X2), as
well as the interactions between iron content and composite
mass (X1*X2), was not significant. This indicates that the op-
timum value of the iron content incorporated in the beads will
undergo a negligible variation in the different pH values and
composite masses. Therefore, the process was favored in any
incorporated Fe content (15, 30, 45, and 60% w/w), due to its
synergistic chitosan/iron effect.

As for most of the effects, a significant interaction occurred
in order to analyze the theoretical prediction of the optimum
condition at each point within the analyzed range; the con-
struction of the response surface is very important, once it
reveals which value of a given parameter will be the ideal
and significant as a function of the interactions with other
parameters.

The construction of the response surface is given by the
regression equation that allows the theoretical prediction of
the adsorption values at any point within the limits defined
for each parameter in the minimum and maximum levels. For
the adsorption study of chromium ions in solution by the
composite under different conditions, the regression equation
was obtained by quadratic adjustment, with R2 = 0.9666, F =
24.8312, and probability of 1.0717 × 10−6.

In general, good adjustments are obtained when the R2

value is close to 1, which occurred in this study, in addition
to the high value of the F test, evidencing that most of the
variance in the response was adequately accounted for by the

Fig. 3 Pareto chart for the study
of the effects of the variation in
the parameters on the aqueous
Cr(VI) adsorption process
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adjustment performed by the quadratic model. In addition,
probability values below 0.05 determine a successful fit at a
95% confidence interval, confirming the reliability of the fit
since the value was in the order of 10−6 (Table S1 in the
Supplementary Material). The coefficients of the regression
equation, as well as their level of significance, are presented
in Table 3.

The regression equation (Eq. (2)), therefore, was:

Y ¼ 27:8076þ 0:0858X 1–5:1398X 2–0:6968X 3 þ 0:2968X 4–5:1944
� 10–4 X 1ð Þ2 þ 0:2417 X 2ð Þ2
þ0:0046 X 3ð Þ2 þ 4:3077� 10–4X 1X 4

þ 0:0525X 2X 3–0:0245X 2X 4–0:0019X 3X 4

ð2Þ

where the term Y is the removal capacity of Cr(VI) (qe
(mg g−1)) by the beads. In the generated equation, the coeffi-
cients related to the square of the concentration of chromium
ions in solution (X4), as well as those related to the interaction
effects between iron content and pH (X1X2), iron content and
composite mass (X1X3), were disregarded, since they were not
significant (Table 3).

With the generated equation, surface response graphs were
plotted, and are presented in Fig. 4. Six 3D graphs were con-
structed, showing the effects of the variables (X and Yaxes) for
the obtained area (Z axis) on the removal capacity of aqueous
Cr(VI).

Figure 4a shows the response surface for the interaction
between adsorbent mass (5–100 mg) and the increase in the
concentration of Cr(VI) ions in solution (2.5–100 mg L−1). In
this study, it was possible to observe that the smaller amount of
adsorbent (5 mg) has a greater removal capacity in milligrams
of Cr per gram of adsorbent. This effect was also observed in
Fig. 4b and c: interaction of adsorbent mass with pH and

increase in iron content in chitosan. In general, an increasing
mass increases the removal efficiency in percentage, which is
related to the greater number of binding sites; however, this
value in percentage frequently leads to wrong adsorption
values, since it does not take into account the mass and the
volume, and is best expressed by the removal capacity qe,
expressed in milligrams per gram. With a strong theoretical
basis that justifies the use of the qe component in detriment to
the percentage of metal removal, the results of the response
surfaces are consistent with those obtained by adjustments to
the adsorption isotherm models (Wibowo et al. 2017; Shekari
et al. 2017), with the chemical viability of the former corrobo-
rating the latter. In addition, it is possible to mention the ten-
dency of the literature that points to the use of data expressed as
adsorbent accumulation capacity (Bhatti et al. 2017; Wu et al.
2017). Finally, it can be considered that the removal capacity of
aqueous Cr(VI) will be much greater, the smaller the amount of
CT-Fe composites, whichmakes the adsorption process feasible
for practical and economic purposes.

According to the analysis of the response surfaces, as the
proportion of Fe(II) (15, 30, 45, and 60% w/w) in relation to
chitosan mass was increased, a higher removal capacity of
aqueous Cr(VI) was obtained (Fig. 4c–e). The formation of
iron oxide in the chitosan matrix improves the removal of
chromium ions, since the creation of metallic active sites on
the surface of the polysaccharide facilitates the reduction of
Cr(VI) to Cr(III) (Eq. (3)). In addition, the simultaneous effect
between the metal and the organic compound is reported, both
of which may be involved in Cr(VI) reduction. Fe(II) poten-
tiates the reduction kinetics, while the organic binder partici-
pates in the adsorption of the reduced species (Buerge and
Hug 1999; Qin et al. 2016).

Table 3 Coefficients and
significance tests of the variables
obtained for chromium
adsorption

Parameters Coefficients (B) Error t p Significance

Constant (B0) 27.81 0.4869 57.12 3.064 × 10−4 Yes

X1 0.086 0.0089 9.639 0.0106 Yes

X2 − 5.140 0.0811 − 63.35 2.491 × 10−4 Yes

X3 − 0.6970 0.0093 − 75.18 1.770 × 10−4 Yes

X4 0.2968 0.0041 71.58 1.951 × 10−4 Yes

(X1)
2 − 5.194 × 10−4 8.731 × 10−5 − 5.949 0.0271 Yes

(X2)
2 0.2417 0.0049 49.22 4.126 × 10−4 Yes

(X3)
2 0.0046 8.731 × 10−5 52.84 3.579 × 10−4 Yes

(X4)
2 − 4.675 × 10−5 1.860 × 10−5 − 2.513 0.1285 No

X1X2 − 2.116 × 10−16 7.561 × 10−4 − 2.798 × 10−13 1.000 No

X1X3 − 2.167 × 10−4 1.008 × 10−4 − 2.149 0.1646 No

X1X4 4.308 × 10−4 4.653 × 10−5 9.257 0.0115 Yes

X2X3 0.0525 7.561 × 10−4 69.38 2.077 × 10−4 Yes

X2X4 − 0.0245 3.490 × 10−4 − 70.09 2.035 × 10−4 Yes

X3X4 − 0.0019 4.653 × 10−5 − 40.39 6.124 × 10−4 Yes

X1 = content of Fe(II)% in the beads, X2 = pH, X3 = adsorbent mass (mg), X4 = concentration of Cr(VI) ions in
solution (mg L−1 )
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HCrO4
− þ 3Fe2þ þ 7Hþ→3Fe3þ þ Cr3þ þ 4H2O ð3Þ

However, the increase in iron incorporated in the beads was
the parameter that had the least influence on chromium re-
moval. This suggests that the adsorption process is favorable
with any iron content incorporated in the beads.

The proposed optimization method by CCD in the removal
of aqueous Cr(VI) was successful, since the most important
parameter in the evaluation of adsorbent capacity was pH,
once it affected both metal ion speciation in the solution and
the nature of the adsorbent, especially with the protonation/
deprotonation of the functional groups present on the surface.
In this study, the removal capacity of Cr(VI) was higher in

acidic medium (Fig. 4b, e, f) and, to better understand the
results, it was necessary to analyze chromium speciation and
adsorbent surface.

The relative distribution of Cr(VI) species in solution is
dependent on pH and concentration of Cr(VI) in solution. At
pH 1, chromium exists as chromic acid (H2CrO4) whereas, in
a pH range of 1–6, different forms of chromium coexist, such
as dichromate (Cr2O7

2−) and hydrogen chromate (HCrO4
−),

whose latter is predominant; on the other hand, for values
greater than 6, chromate (CrO4

2−) prevails. Cr2O7
2− ions occur

when the concentration of Cr(VI) goes beyond 1 g L−1

(Dinker and Kulkarni 2015). Therefore, in this study, the pre-
dominant species were HCrO4

− and CrO4
2−.

Fig. 4 Response surface obtained
by adjusting the data with the
quadratic model and influence of
the parameters in the adsorption
process. a Concentration of
chromium ions and adsorbent
mass. b pH and adsorbent mass. c
Fe(II) content in chitosan (CT)
beads and adsorbent mass. d
Concentration of chromium ions
and Fe(II) content in CT beads. e
pH and Fe(II) content in CT
beads. f Concentration of
chromium ions and pH
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In order to analyze the charge of the functional groups
distributed on CT-Fe structure, the point of zero charge (pzc)
was calculated for the pure chitosan (CT) and CT-Fe (Chagas
et al. 2018).

The calculated values of pzc for both CT (7.02) and CT-Fe
(6.98) were very similar to each other (Figure S1,
Supplementary Material). Therefore, it is possible to infer that
at pH values bellow the pzc, the functional groups present in
CT and CT-Fe will display a positive net charge. The –NH2

and –OH groups, found in both polymers structures, will be
completely protonated –NH3

+ and –OH2
+. As for the CT-Fe,

the FeOH2
+ rich surface sites will be able to attract the nega-

tively charged Cr(VI) ions present in the solution in the form
of HCrO4

−, resulting in a greater Cr(VI) removal in acidic
medium. In addition, it may occur parallel or later to the elec-
trostatic process in which the Cr(VI) is attracted to the surface
of the material, the reaction described by Eq. (3). According to
this equation, H+ ions are required and consumed during the
reaction (Lv et al. 2011; Xiao et al. 2013). H+ and Fe(II) may
favor the reduction fromCr(VI) to Cr(III). Once reduced to the
trivalent form, Cr(III) ions are adsorbed in the organic matrix;
in this case, there is the formation of the covalent bond –H2N–
Cr(III), by the non-binding electrons of nitrogen, in a specific
coordinate bond (Chagas et al. 2018).

However, the decrease in adsorption capacity at higher pH
can be explained both by the competition of HCrO4

− and HO−

anions available in the medium to be adsorbed on the surfaces
of the solid (Yao et al. 2014), and by the decrease in the
number of positively charged sites that are no longer formed
with increasing pH of the medium.

Another important parameter evaluated by response sur-
face analysis was the high removal capacity of CT-Fe com-
posites in relation to the high concentration of chromium ions
in solution (Fig. 4a, d, f). Thus, the best conditions for the
adsorption of chromium ions against the optimized parameters
were 5 mg of the CT-Fe composite (60% w/w) in 130 mg L−1

Cr(VI) solution and in acidic medium (considering pH 5.0
ideal, since it represents the pH of the 130 mg L−1 solution
without adjusting this parameter, which makes the adsorption
process viable). Thus, the kinetic study was conducted under
these conditions, except for the iron content in the beads,
which was 45% (w/w), due to the fact that contents of 60%
(w/w) could compromise the physical integrity of the beads. In
addition, the adsorption process proved to be favorable at any
iron content incorporated.

Kinetic study

The adsorption kinetic (Fig. 5) shows the effect of contact time
on Cr(VI) removal in CT-Fe beads (45% w/w). As can be
perceived, there was a fast exponential adsorption rate,
reaching to a maximum within 60 min of contact between
the adsorbent and adsorbate. To understand the adsorption

mechanism, the nonlinear kinetic models including pseudo-
first-order, pseudo-second-order, Weber-Morris (intraparticle
diffusion), Boyd, and double-exponential models were ap-
plied. The parameters obtained by each model are shown in
Table 4, and the graphs can be consulted in the Supplementary
Material section (Figure S2–S5).

The best fit of the experimental data was expressed by the
comparison of the coefficient of determination (R2). All these
statistical parameters were calculated using the software
OriginPro 8.0 (graphing and data analysis software). The best
adjustment of the experimental data was expressed by the
comparison of the coefficient of determination (R2), standard
deviation (SD), the sum of squared errors of prediction (SSE),
and chi-squared (X2) (Simonin 2016).

The pseudo-second-order kinetic model was the one that
provided better adjustments in relation to pseudo-first-order
(Figure S2, Supplementary Material), suggesting the presence
of chemical interactions. The CT-Fe material (45% w/w)
showed a high Cr(VI) removal capacity of 46.12mg g−1, which
is much higher than those shown in Table 1, indicating that the
experimental conditions by CCD, when optimized and applied
at the same time, potentiated the adsorption process, increasing
the kinetic adsorption capacity of thematerial. As for Fig. 4, it is
observed that the value of the maximum adsorption capacity
obtained by the pseudo-second model at equilibrium is similar
to the values obtained by the CCD software.

The good fit to the pseudo-second-order model suggests
chemical adsorption as a limiting step, and not mass transfer,
in the early stages of the process (Sen Gupta and
Bhattacharyya 2011). The pseudo-second-order model sug-
gests that two processes are occurring in series or in parallel,
one faster, causing the equilibrium to be reached quickly, and
one slower, which can continue for a long period of time. This
suggests that Cr(VI) removal possibly occurs in two stages:
the electrostatic attraction of chromium ions and subsequently

Fig. 5 Effect of contact time on Cr(VI) removal in CT-Fe beads (45% w/
w) (5 mg adsorbent; 10 mL of 130 mg L−1 Cr(VI) solution at pH 5.0,
temperature 25 °C)

15982 Environ Sci Pollut Res (2019) 26:15973–15988



the reduction of Cr(VI), and the reduced form is probably
adsorbed by the formation of the covalent bond –H2N–Cr(III).

The intraparticle diffusion curve can include several
straight-line sections, with each section corresponding to a
step of the adsorption process (Weber and Morris 1963;
Bozorgi et al. 2018). TheMorris-Webermodel for the removal
of Cr(VI) in the CT-Fe beads reflects on a graph with two
linear portions, distinguishing 2 stages of adsorption
(Figure S3, SupplementaryMaterial), which corroborates with
the pseudo-second-order kinetic model. The first stage, ac-
counting for most of the adsorption, represents the gradual
adsorption on the adsorbent surface, while the second stage
represents the slow equilibrium phase, when Cr occupies all
the active sites in the adsorbent and the maximum adsorption
is reached (Bozorgi et al. 2018), which is in agreement with
the data presented in the BET area analysis (Table 2). These
steps may correspond to the electrostatic approximation of the
anionic chromium form (HCrO4

−) after its reduction. The sec-
ond stage corresponds to the adsorption of Cr(III) ions by the

surface functional groups of the material. According to the
value of Ci (− 2.31), intraparticle diffusion is involved in the
adsorption process, but is not the only mechanism responsible
for governing the adsorption rate (Madala et al. 2017).

The Boyd model is applied to check whether sorption pro-
ceeds via film diffusion or intraparticle diffusion mechanism.
Film diffusion is the transport of adsorbents to the outer sur-
face of the adsorbent, while particle diffusion is the transport
of adsorbents into the pores of the adsorbent (Boyd et al.
1947). The plots of Bt vs t at different initial removal concen-
trations of Cr(VI) are shown in Supplementary Figure S4,
which are linear with the correlation coefficient (R2) greater
than 0.996.

According to the Boyd model, if the linear graph passes
through the origin, the diffusion is controlled by particle dif-
fusion; otherwise, it is controlled by film diffusion. As all
Boyd plots intercept values did not pass through zero, diffu-
sion can be controlled by film diffusion or in combination
with other mechanisms (Madala et al. 2017). Therefore, the

Table 4 Kinetic adsorption parameters calculated by kinetic models nonlinear regression analysis

Kinetics models Parameters CT-Fe (45%w/w)

Pseudo-first-order model

qt ¼ qe ð1−e−k1 t )

k1 (min
−1) 0.114

qe (mg g−1) ± SD 38.01 ± 1.81

R2 0.985

X2 1.46

SSE (%) 5.86

Pseudo-second-order model

qt ¼ K2qe
2 t

1þk2qet

k2 (g mg−1 min−1) 0.030

qe (mg g−1) ± SD 46.12 ± 2.46

R2 0.995

X2 0.685

SSE (%) 2.74

Intraparticle diffusion model

qt = kidt
1/2 + C

Stage I kid
(mg g−1 min−1/2)

2.63

Ci (mg g−1) − 2.30
R2 0.992

Stage II kid
(mg g−1 min−1/2)

0.020

Ci (mg g−1) ± SD 33.60

R2 0.379

Boyd model

Bt = − 0.4977 − ln(1 − F)
F = qt/qe

Slope 0.009

Intercept − 0.415
R2 0.996

Double-exponential model

qt ¼ qe−
D1
mads

exp −kD1tð Þ− D2
mads

exp −kD2tð Þ

qe (mg g−1) ± SD 38.92 ± 0.05

D1 (g L−1) 0.003

D2 (g L−1) 0.017

kD1 (min−1) 0.091

kD2 (min−1) 0.009

SSE (%) 0.168

R2 0.998
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phase that governs the adsorption process in this study is
probably the electrostatic attraction of the anionic species of
chromium in solution, and the reduced chromium is adsorbed
on the surface of the CT-Fe beads.

The double-exponential function is used here to describe a
two-step adsorption mechanism controlled by diffusion: trans-
port of the metal ion to the external surface of the adsorbent as
a rapid phase and adsorption of the metal ion on the inside
surface of the adsorbent as a slow phase (Talebi et al. 2017;
Tehrani et al. 2017; Bozorgi et al. 2018). Among the five
models applied to help understand kinetic behavior, the
double-exponential model had the highest degrees of freedom
and presented the greater R2 (0.998) and lowest SSE
(0.168%), indicating better consistency with the experimental
data (Figure S5, Supplementary Material). The parametersD1

and D2 (g L−1) are rate constants of the rapid and slow steps
for chromium adsorption, respectively; kD1 and kD2 (min−1)
are constants controlling the mechanism and mads (g L−1) is
the adsorbent concentration. In this model, the sum ofD1/mads

(5.84 mg g−1) and D2/mads (33.08 mg g−1) has the same phys-
ical significance as the calculated value of qe (Table 4). The
kD1 > kD2, during the first step, a rapid metal uptake takes
place, involving external and internal diffusion.
Subsequently, a slow step prevails; the intraparticle diffusion
controls the adsorption rate and finally the metal uptake
reaches equilibrium (Chiron et al. 2003). Therefore, the ad-
sorption process was characterized by the presence of the an-
ionic form (HCrO4

−) on the outer surface of the adsorbent CT-
Fe (electrostatic attraction by functional groups NH3

+ and –
OH2

+) and the second step is chromium reduction and its
adsorption by chemical bonds (–H2N–Cr(III)).

Computational studies

Thermodynamic study of chitosan

In order to verify the reaction of chitosan with iron and chro-
mium (III, VI), proposals were made, based on theoretical
calculations of the standard Gibbs free energy (ΔG0). The
reaction proposals are as follows:

(1a) CT + Fe(II) → CT-Fe(II)
(1b) CT + Fe(III)→ CT-Fe(III)
(2a) CT + Cr(III)→ CT-Cr(III)
(2b) CT + Cr(VI) → CT-Cr(VI)
(3a) CT + Fe(II) + Cr(III) → CT-Cr(III) + Fe(II)
(3b) CT + Fe(III) + Cr(III) → CT-Cr(III) + Fe(III)
(3c) CT + Fe(II) + Cr(VI) → CT-Cr(III) + Fe(III)
(4a) CT + Fe(III) + Cr(VI)→ CT-Fe(II)-Cr(III)
(4b) CT + Fe(III) + Cr(VI) → CT-Fe(II)-Cr(VI)
(5a) CT-Fe(II)-Fe(II) + Cr(III) → CT-Fe(II)-Cr(III) +
Fe(II)

(5b) CT-Fe(II)-Fe(II) + Cr(VI) → CT-Fe(II)-Cr(VI) +
Fe(II)
(6a) CT-Fe(II)-Fe(II) + 2Cr(III) → CT-Cr(III)-Cr(III) +
2Fe(II)
(6b) CT-Fe(II)-Fe(II) + 2Cr(VI) → CT-Cr(VI)-Cr(VI) +
2Fe(II)

In order to know which reaction is most favorable to occur,
ΔG0 was calculated for each proposal Eq. (4). Below, the
description of the calculations used in proposal 1. It is impor-
tant to emphasize that similar calculations were made for the
other proposals and the results are shown in Table 5.

ΔG0 ¼ Gchitosan−Fe− Gchitosan þ GFeð Þ ð4Þ

About 13 proposals were presented and it was observed
that proposals 3a and 3b obtainedΔG0 lower than others, that
is, it is the most stable proposal. By theoretical calculations
of ΔG0, the chitosan structure is more stable with respect to
Fe(III) atoms than Fe(II) atoms. Regarding the structural char-
acteristics of the polymers and their reaction sites, the stability
constants of complexes formed by –OH groups and metal ions
have lower values, when compared to the stability constants of
amino groups (Gyliene et al. 2014). It could be suspected that
a part of the rapid conversion of Fe(II) to Fe(III) proceeds in
most of the solution or even directly on the surface of chitosan.
The stability of complexes and reactions of coordination com-
pounds depends on the experimental values of the formation
constant, but the charges and the radius of atoms can be used
for stability predictions; in this case, Fe(III) has a higher value
of charge/radius than Fe(II), which results in the formation of
more stable complexes.

By theoretical calculations of ΔG0 is possible to observe
that the chitosan structure is more stable with the Fe(II) atom
than with the Cr(III, VI) atom. Thus, it is believed that there is

Table 5 Results of ΔG0

for the proposed
reactions

Proposals ΔG0 (Kcal mol−1)

1a − 0.60
1b − 0.74
2a − 0.59
2b + 0.28

3a − 137.15
3b − 152.42
3c − 136.14
4a − 129.48
4b − 129.40
5a − 119.10
5b − 108.42
6a − 28.08
6b − 20.78
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no competition between Fe(II) and Cr(III, VI); therefore, the
chromium atom will occupy other available sites of the chito-
san structure and not replace Fe(II) atoms (Fig. 6). It is also
interesting to note that the structures with Cr(VI) were less
stable in relation to Cr(III); thus, the Cr(VI) removal proposal
is effective, following the reaction Eq. (5):

CTþ Fe IIð Þ þ Cr VIð Þ→CT−Cr IIIð Þ þ Fe IIð Þ ΔG0

¼ −0:71 Kcal mol−1 ð5Þ

The Cr(VI) removal mechanism by CT-Fe beads first in-
volves the electrostatic attraction of the anionic Cr(VI) forms
through the CT-Fe beads; Cr(VI) is then reduced by Fe(II) and
Cr(III) adsorption occurs by strong interactions, possibly by
the formation of the covalent bond –H2N–Cr(III) by chitosan.

Quantum theory of atoms in molecules

In order to explain the stability of the proposals, QTAIM cal-
culations were performed. In fact, the electron distribution

analysis of a molecule is a promising starting point for the
obtention of a chemical view of a molecule or an aggregate
of molecules. QTAIM and NBO calculations are very impor-
tant in an attempt to understand the nature of the chemical
bond (for example, if the bond is covalent, partially covalent
or non-covalent). Figure 7 shows proposal 2 as an illustrative
example for this type of calculation. The other proposals fol-
low a similar reasoning.

In order to explain the stability of proposal 3a, the results of
the most stable proposal were compared with the initial com-
pound (chitosan-Fe). By the criteria proposed by Koch and
Popelier (1995), it is possible to observe the formation of
hydrogen bonds; this criterion takes into account a hydrogen
atom that is not interacting with the other atoms of the system.
Thus, according to Koch and Popelier (1995), if hydrogen
bonding occurs, an increase in q(Ω) and E(Ω), as well as a
decrease in V(H) and M1(H), must be observed (Table 6).
Therefore, it is possible to note that the structure of chitosan-
Fe does not meet the proposed criteria. As a consequence, the
most stable proposal (proposal 3a) meets this criterion well. In
Fig. 7, the atommarked yellowwas selected for the analysis of
the hydrogen bond.

Fig. 6 Structures of optimized
geometries for the proposals

Fig. 7 Critical binding points (BCP and RCP) for proposal 2

Table 6 Additional atomic properties obtained by QTAIM calculations
for atoms bound to hydrogen (in au)

Proposal q(H) M1(H) V(H) E(H)

Chitosan-Fe

1H(OH) + 0.606029 + 0.129206 + 19.238196 + 0.606029

H1H(a)…O(a) + 0.573484 + 0.125432 + 16.149724 + 0.573484

Proposal 3a

1H(OH) + 0.007659 + 0.169859 + 50.850527 − 0.620820

H1H(a)…O(a) + 0.548286 + 0.135135 + 16.929473 − 0.380612
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Conclusions

The CT-Fe hybrid composite was distinguished from the
beads formed by pure CT, since it presented a highly rough
and irregular morphology, besides high surface area, which
positively contributes to the optimization of Cr(VI) removal
by statistical design.

The statistical analysis central composite design indicated
that all evaluated variables were significant (pH, concentration
of chromium ions, adsorbent mass, and Fe(II) content in the
beads) and showed an effect on aqueous Cr(VI) removal ca-
pacity. The pH was the most important parameter, indicating
that the adsorption process was more favorable at acidic pH.
As observed and discussed in this study, the combination be-
tween pH and concentration of chromium ions was extremely
relevant for the efficiency of the reaction. Therefore, the sta-
tistical analysis applied to the evaluated parameters is ade-
quate, allowing, in addition to choosing the best conditions
for chromium removal, to work in future applications that are
within the limits established in this study, together with the
operational simplicity coming from the statistical design.

The optimum conditions of the parameters influenced the
removal capacity of chromium ions, and the combination be-
tween them was important for favoring the adsorption kinet-
ics. The pseudo-second-order kinetic model, the intraparticle
diffusion model, and double-exponential models best fit the
experimental data, indicating that the adsorption process fol-
lows by chemical interactions and occurs in two stages: firstly,
the electrostatic attraction of the anionic form of chromium by
the adsorbent CT-Fe, and chromium is then reduced and
adsorbed onto the organic matrix of the composite.

The theoretical calculations are in agreement with the ex-
perimental results, in which the structure of CT-Fe-Cr(III) is
more thermodynamically favorable than the proposed reac-
tions with Cr(VI). It was also observed that, in the reaction
mechanism, there is no competition of Fe(II) with Cr(III) and
Cr(VI) at the available chitosan sites.
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