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� A chitin hybrid gel was obtained
without the need of crosslinkers.

� TiO2 reinforces chitin gels endowing
mechanical stability.

� TiO2 endows chitin gels with arsenic
adsorption capacity.

� Chitin–TiO2 gels showed arsenic
sorption capacity in natural waters.

� The chosen components make this
material a promising low-cost
sorbent.
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In this work chitin hydrogels were reinforced with TiO2 nanoparticles acting as fillers. The mechanical
and physicochemical characteristics of these hydrogels were studied by oscillatory rheology, infrared
spectroscopy (FTIR), Scanning Electron Microscopy (SEM) and Small Angle X-ray Spectroscopy (SAXS).
Adsorption showed to be higher at pHs below the TiO2 point of zero charge (pH � 6.9). The equilibrium
was achieved within 4 h following an Elovich kinetic model. The equilibrium assay showed a maximum
capacity of 3.1 mg/g with better fitting for the Langmuir model. Moreover, the homogeneity/heterogene-
ity parameters of the Sips, Toth and Redlich–Peterson models were close to a value of 1, indicating a
homogeneous sorbent/sorbate interaction. Typical natural water ions competed with As(V) for the sorp-
tion sites, being sulfate the most relevant interference. This interference was also evidenced in As(V)
adsorption from natural water samples where the sorption capacity varied depending the anion compo-
sition of the sample. The reutilization of the hybrid gel was assessed up to five adsorption cycles.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Arsenic presence in natural waters is a matter of concern in vast
areas of Argentina, Chile, China, India, Bangladesh, among others
countries. Arsenic water contamination is usually associated with
non-urban zones where fast, easy application and low-cost
answers are needed. With this aim several techniques have been
studied, such as coagulation-coprecipitation, photocatalytic reduc-
tion, photocatalytic oxidation and adsorption using different mate-
rials [1–3].

Among As adsorbents, TiO2 has been studied in different for-
mats and sizes, from nanoparticles to micrometric range granular
particles [4–6]. It is a non-toxic compound used in pharmaceutic,
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cosmetic and biomedical products due to its biocompatibility [7].
However, the use of powdered TiO2 in aqueous media requires
laborious separation to prevent the leakage of the particles [1,8].
In this aspect, the development of hybrid materials represents a
novel strategy for the mechanical reinforcement and chemical sta-
bility of the sorbent and the prevention of the particle leakage.
Examples of these hybrids are polyurethane–keratin membranes,
Chitin–Kraft lignin, chitosan–sulfydryl bearing graphene oxide, sil
ica–alginate–xanthan gum, etc [9–12].

In the last years, chitin based hybrids have enhanced their
applicability as biomaterials thanks to novel manipulation tech-
niques which have overcome the polysaccharide low solubility
[13,14]. Chitin is a cheap polysaccharide that can be extracted from
shrimp, crab shell, fungi, as well as other invertebrates such as
marine sponges [15,16]. Being a waste material from food industry
it is a low-cost biopolymer which is also biocompatible, biodegrad-
able and non-toxic [7]. Although less expensive and chemically
more stable in comparison with its derivative chitosan, literature
still shows few approaches dedicated to pure chitin derived hydro-
gel materials. Most of these studies use the potentially toxic cross-
linker epichlorohydrin for the obtaining of reinforced materials,
such as chitin/poly(vinyl alcohol) or chitin/clay nanotubes
[17,18]. Other approaches achieve the material final structure
either by lyophilization or by reinforcement with high loads of gra-
phene oxide [19–21].

The aim of this work was to combine two low-cost, non-toxic
and biocompatible compounds for the obtaining of a chemically
and mechanically stable arsenic adsorbent. Herein, a chitin hydro-
gel reinforced with TiO2 nanoparticles was developed for As(V)
adsorption. Chitin and TiO2 nanoparticles were chosen based in
their lower cost in comparison with other polysaccharides and
metal nanoparticles and the latter’s high surface area and arsenic
sorption capacity. The nanostructure of the composites was char-
acterized using different spectroscopic techniques and the degree
of reinforcement was assessed by a rheological analysis. The As
(V) adsorption performance was evaluated by means of the influ-
ence of media pH, interaction time, sorption capacity, competing
ions and reutilization. The sorption capacity was also assessed
against natural water samples containing natural arsenic or spiked
with known concentrations.
2. Experimental

2.1. Reagents and materials

Chitin from crab shells (DA: 92%; Mr � 400,000) was obtained
from Fluka (USA). Calcium chloride dihydrate was purchased from
Anedra (Argentina); Methanol was acquired from Sintorgan
(Argentina). Na2HAsO4�7H2O was purchased from Mallincrodt.
Arsenic concentration was verified against the appropriate dilution
of the arsenic standard 1000 mg/L (Chem-Lab, Belgium). TiO2

nanoparticles (d � 30 nm) (AEROXIDE TiO2 P25, Evonik) were
kindly donated by Evonik Degussa Argentina SA. Water was fil-
tered and deionized with a Milli-Q, Millipore system (Milford,
MA, USA). All other reagents were of analytical grade.

Tap-water was collected from Buenos Aires Autonomous City
(Arg.) and well-water samples were collected from Chascomús
city, Chivilcoy city, Pehuajo city, Trenque Lauquen city, Tortuguitas
city (Buenos Aires province, Arg.). Tap-water samples were col-
lected from household taps connected to the city water supply net-
work. Well-water samples were collected from household taps
connected to systems of water pumped from wells. Before collect-
ing the samples water was let run for 5 min. Waters were stored at
4 �C until the assays and used without further treatment.
2.2. Preparation of chitin hydrogel and chitin–TiO2 hybrid materials

The chitin suspension was obtained following the method pro-
posed by Tamura et al. [13]. Briefly, in order to prepare a transpar-
ent calcium solvent, 42.5 g of calcium chloride dihydrate were
suspended in 50 mL of methanol and refluxed for 30 min at 82 �C
to a state of near-dissolution. One gram of chitin powder was sus-
pended in the calcium solvent and refluxed for 2 h at 90 �C with
stirring in a round-bottom flask attached to a Liebig condenser.

Different mass ratios of chitin and TiO2 were mixed by thorough
agitation in order to obtain three types of hybrid materials with
different chitin to TiO2 ratios (Chi:Ti): (10:1), (5:1) and (2.5:1).

The mixtures were poured between two glasses spaced by glass
slides of known width and then submerged in methanol until they
gelled. Finally, the gels were subjected to several water incubations
in order to wash out all the methanol and CaCl2 residues. Blank
chitin gels without TiO2 were obtained by a similar procedure
and named Chi gels. The gels were cut in a certain geometry
depending on the experiments.

2.3. Rheological behavior

Amplitude sweeps were performed first in order to determine
the linear viscoelastic range (LVR). The elastic or storage modulus,
G0, the viscous or loss modulus, G00 and complex viscosity (g⁄) of the
studied materials were obtained in small-amplitude oscillatory
shear flow experiments using a rotational rheometer from Anton
Paar (MCR-301) provided with a CTD 600 thermo chamber. The
tests were performed using parallel plates of 25 mm diameter
and a frequency range of 0.1–500 s�1. The measurements were car-
ried out at room temperature (20 �C). All the tests were performed
using small strains (c = 3.0%) to ensure the linearity of the dynamic
responses [22]. All the runs were repeated using different samples.
The gap width used was 700–800 lm.

2.4. Scanning Electron Microscopy

Topography and size of samples were studied by Scanning Elec-
tron Microscopy (SEM). Images of freeze-dried and gold coated
samples were taken using a Zeiss Supra 40. Secondary electron
detector and Backscattered electron detectors were used for image
acquisition. TiO2 nanoparticle size was confirmed by deposition of
powder and direct observation.

2.5. Spectroscopic characterization

FTIR transmission spectra were acquired in the range of 4000–
400 cm�1 using a Fourier Transform Infrared Spectrometer (FTIR)
(Nicolet 360). All samples were dried for 24 h at 60 �C prior to
the KBr preparation in order to avoid water related bands interfer-
ence. Chitin degree of acetylation (DA) was determined by the
method proposed by Brugnerotto et al., which is based on the rela-
tionship between a reference band at 1420 cm�1 and the amide III
band at 1320 cm�1 by applying the following equation: A1320/
A1420 = 0.3822 + 0.03133DA [23].

The investigation of the ultrastructure of the nanocomposites
was performed by Small Angle X-ray Scattering using the SAXS2
beamline of the National Synchrotron Light Laboratory (LNLS),
Campinas, Brazil. The SAXS measurements were performed at
room temperature in transmission geometry with k = 1.55 Å
(8 keV). The 2D SAXS spectra were detected on a marCCD 165
detector. A sample to-detector distance of 0.5 and 2 m and an
exposure time of 60 s were used. The samples were placed with
their surfaces perpendicular to the direction of the incident X-ray



M.L.P. Ramos et al. / Chemical Engineering Journal 285 (2016) 581–587 583
beam and parallel to the X-ray detector. The scattering intensity (I)
was measured as a function of the scattering vector (q) from 0.07 to
5.3 nm�1. The background and parasitic scattering were deter-
mined by using an empty sample holder and were subtracted for
each measurement. SASfit software was used for data analysis
and curve fitting [24].

2.6. Adsorption experiments

Adsorption experiments were carried out by a batch method at
room temperature (25 �C) with constant stirring (120 rpm). Discs
of 6 mm diameter and 2 mm width (0.2 g) were added to aqueous
solutions (5 ml) of As(V), ranging from 0.1 to 10 mg/L respectively.
The effect of media pH, interfering ions, interaction times and
adsorption isotherms were determined by sorbate decay in the
solution supernatant. Arsenic determinations were performed
using a Buck Scientific VGP 210 Atomic Absorption Spectropho-
tometer (E. Norwalk, CT, USA) by the electrothermal atomization
method using pyrolytic graphite tubes. Nickel Nitrate (0.2%) was
used as matrix modifier.

The interference of Cl�, SO4
2� and NO3

� was studied between 10
and 100 mg/L in a solution containing 0.1 mg/L As(V). Adsorption
of As(V) from natural water samples was tested with and without
spiking of a known amount of As(V) depending on the initial con-
centration. Natural water ion composition studies were carried out
on a Capillary Electrophoresis System with diode array detector
(Agilent Technologies). Analysis parameters were used as
described elsewhere [25].

The reutilization of the hybrid gels was assessed by subsequent
incubations in 1 mg/L As(V) solutions. Between each adsorption
cycle, the desorption was carried out by four washing steps in
0.1 M NaOH for 15 min and then four equilibration steps in ultra-
pure water for 15 min.

All adsorption assays were carried out in plastic vessels. Blank
experiments were conducted in order to verify the absence of sor-
bate precipitation and/or adsorption to the walls of the vessels. All
experiments and their corresponding measurements were con-
ducted at least in triplicate under identical conditions and statisti-
cally analyzed by one-way ANOVA and Tukey Multiple comparison
post test if ANOVA p < 0.05. R language and environment was used
for statistical computing and graphics [26].
3. Results and discussion

3.1. Rheological behavior

The rheological behavior of the Chi gels and the Chi:Ti hybrids
was studied in order to verify the reinforcement effect that is
macroscopically observed in the hybrids (Fig. 1). In all materials,
a gel-like behavior was confirmed by higher G0 values than G00 ones,
which implies a dominance of the elastic component over the vis-
cous component. It can also be observed that the G0 value of the
material increases with the raise of TiO2 content. The complex vis-
cosity of all the gels decreases almost linearly with the increment
of the frequency showing shear thinning behavior probably due to
the structure of the hybrid polymer network (Fig. 1).

3.2. Microscopic structure

Chi gels and Chi:Ti hybrids were observed by SEM (Supplemen-
tary Data 1). On the SEM images acquired with a secondary elec-
tron detector it could be observed that Chi gels present a smooth
surface with pores. With the addition of TiO2 nanoparticles, the
material is endowed with higher rugosity. In the Chi:Ti (2.5:1)
image (Supplementary Data 1 d), it could also be observed
aggregates of the nanoparticles, probably due to the high concen-
tration of TiO2. Whereas topography information can be obtained
from secondary electrons, the detection of backscattered electrons
(BSE) brings information from atomic number contrast. The BSE
images of Chi gels and Chi:Ti hybrids are shown in Supplementary
Data 2. The BSE images show that the nanoparticles aggregates
tend to decrease in size and become more dispersed with the
decrease of TiO2 content in the hybrids.

3.3. Spectroscopic characterization

The IR spectra of the TiO2 nanoparticles, Chi gels and Chi:Ti (5:1)
in the range of 2000–800 cm�1 are shown in Supplementary Data 3.
In the Chi gels spectra the bands corresponding to chitin structure
could be observed. These bands are the amide I band at
1653 cm�1, corresponding to the unresolved doublet accounting
for C@O and CAN stretchings, the amide II band at 1558 cm�1

(NAH bending), at 1420 cm�1 (CH2 bending), 1378 cm�1 (CH bend-
ing), 1313 cm�1 (amide III and CH2wagging) and the polysaccharide
related bands at 1157 cm�1 (asymmetric bridge oxygen stretching),
1068 cm�1 and 1030 cm�1 (both from CAO stretching) [23,27]. The
TiO2 nanoparticles spectrum shows a band at 1638 cm�1 which
accounts for the bending mode of hydroxyl groups associated to
strongly adsorbed water to the titania surface [28]. No new bands
could be observed on the Chi:Ti (5:1) spectrum, which indicates
that no new chemical groups are formed during the hybrid synthe-
sis. Nevertheless, the amide I band from chitin spectrum and the
hydroxyl band from the nanoparticles are overlapped and both
peaks appear joined in a broader peak with center at 1649 cm�1.

The SAXS technique was used to obtain structural information
of the gels network in the nanometric scale. Fig. 2 shows the SAXS
profiles of Chi gel and Chi:Ti (5:1) hybrid gel. Chi gel scattering pro-
file follows a power-law behavior in the q range of �0.009–
0.05 Å�1, above which a short knee-like middle regime with a
lower slope appears. This profile is found in disordered materials
with at least two structural levels. In the low q region the Chi gel
spectrum, fitted according to the relation I(q) � q�a, shows values
of the exponent a near to 2.5. This behavior is indicative of scatter-
ing from fractal objects and would become from chitin chains free
folding in the gel stage [29,30]. Within this range the Chi:Ti (5:1)
hybrid spectrum shows a knee-like regime (0.009–0.3 Å�1) which
would account for larger structures than the ones observed in
Chi gel profile. In Chi:Ti the (5:1) hybrid profile the power-law
behavior is observed in the q range of �0.03–0.2 Å�1, presenting
an a of 3.4. This value is related to surface fractals and denser net-
work structures [30]. In this profile, the knee-like regime observed
in Chi gel spectrum is less intense indicating a weaker contribution
of this structure to the overall scattering.

With the aim of describing mass fractal morphologies, Beaucage
proposed a unified equation that gives insight throughout multiple
structural levels of disordered materials [31]:
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where G and Gs are the Guinier prefactors for the larger and smaller
structures respectively, Rg is the radius of gyration, B and Bs are
prefactors specific to the power-law scattering, which are specified
as the decay exponent P and Ps respectively, q* = q/[erf (q k Rg/61/2)]3

and q�
s ¼ q=½erfðq ks Rs=6

1=2Þ�3.
The adjustments of the Beaucage unified equation present a

value of Rg = 11.9 ± 0.1 nm and 28.1 ± 0.6 nm for the Chi gel and
Chi:Ti profiles respectively. The Rg value obtained for the Chi gels



Fig. 1. Storage modulus (G0) (solid symbols) and loss modulus (G00) (hollow symbols) frequency dependence (a) and complex viscosity of the Chi and Chi:Ti hybrids.

Fig. 2. SAXS profiles of Chi gels and Chi:Ti (5:1) hybrids.
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would account for structures formed during the gel stage due to
the interaction of the polymer chains, whereas the Rg value
obtained for the Chi:Ti hybrid gel is related to the detection of
TiO2 nanoparticles with diameters around 30 nm. Moreover, the
SEM image of the TiO2 shows particle sizes around this value
(Supplementary Data 4).
Table 1
Kinetic parameters for As(V) adsorption.

Model Parameter Goodness-of-fit (AICc)

Elovich a (lg/g h) 7 ± 3 �115.2
b (g/lg L) 11 ± 1

Modified Freundlich kF (L/g h) 0.368 ± 0.008 �114.9
m 4.6 ± 0.5

Pseudo-2nd order qeq (lg/g) 0.52 ± 0.02 �110.7
k2 (g/lg h) 7 ± 1

Pseudo-1st order qeq (lg/g) 0.46 ± 0.01 �100.5
k1 (h�1) 2.4 ± 0.3
3.4. Effect of pH on adsorption behavior

The effect of media pH on the adsorption behavior was analyzed
in the pH range 3–7 (Supplementary Data 5). Chi gels did not pre-
sent adsorption capacity for As(V) at any pH. This highlights the
fact that the addition of TiO2 is not only relevant in the mechanical
aspect but also in its As(V) sorption performance. Regarding the
hybrids, media pH influenced As(V) adsorption mainly when
sorption capacities at pH 3 and 5 are compared with the pH 7 ones
(significantly different, p < 0.05). Comparing each hybrid behavior
the adsorption at pH 7 was significantly different and lower than
the corresponding one at pH 3 or 5. For the pristine TiO2 the rise
in adsorption capacity between pH 3 and 5 is more evident.
At this pH range, As(V) presents several anionic forms, such as
AsO2(OH)2�, AsO3(OH)2� and AsO4
3�. Also, since the point of zero

charge pH (PZCpH) of TiO2 is near 6.9, at this pH range TiO2 presents
a positively charged surface exposing Ti-OH2

+ groups [4]. As a con-
sequence, the main mechanism of As(V) adsorption would be the
electrostatic attraction. This is also supported by the lack of change
in the pH of adsorption solutions after incubation. A change in pH
would be indicative of ionic exchange reactions rather than elec-
trostatic attraction as proposed. Chi:Ti gels with (5:1) and (2.5:1)
ratios did not present significant differences in their adsorption
capacities neither at pH 3 or at 5 (p > 0.05, Tukey post-test).
Although higher adsorption capacities were expected for the Chi:
Ti (2.5:1) gels due to its higher TiO2 content, probably the agglom-
erates seen in the SEM images are affecting the adsorption
performance of this hybrid. Therefore, the Chi:Ti (5:1) hybrid,
which contains less TiO2 and is more homogeneous, and pH 3,
which was the one with higher capacities, were chosen as the opti-
mum conditions to perform the kinetic and equilibrium assays.
3.5. Adsorption kinetics

In order to characterize the kinetic behavior of the Chi:Ti (5:1)
hybrid gel, the adsorption of As(V) over time was assessed. Kinetic
modeling of this data was performed using the pseudo-first-order,
pseudo-second-order, Elovich and the modified Freundlich equa-
tions in their non-linear forms [32–34]. Table 1 summarizes the
kinetic parameters. The mathematical models are presented in
Supplementary Data.

Goodness-of-fit of the non-linear models was evaluated by the
corrected Akaike’s information criteria (AICc) [35]. Smaller AICc
values represent better curve fittings [35].

Fig. 3 shows the adsorption over time at pH 3. The material
achieved equilibrium time within 4 h showing the best fitting for
the Elovich model. This would indicate that the rate limiting step



Fig. 3. As(V) adsorption over time at pH 3 using Chi:Ti (5:1) hybrids. Elovich model
is presented. qt (±SD, n = 4).
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is the chemisorption process [32]. The second best fitting model
was the Modified Freundlich’s, which can describe kinetics con-
trolled by intra-particle diffusion when m approaches a value of
2 [36]. In this case the obtained value was far from 2. Thus, the
intra-particle diffusion process would play a negligible role in the
adsorption kinetics of As(V) probably because adsorption takes
place in the surface of the non-porous TiO2 nanoparticle [4].
3.6. Adsorption isotherms

Adsorption isotherm data were obtained after equilibrium time
was achieved, at pH 3 (Fig. 4). Adsorption capacities (qeq) are
expressed as the mass of sorbate per mass unit of sorbent (mg/g)
and determined as follows: qeq = (C0 � Ceq)V/m; where C0 and Ceq
are the initial and the equilibrium As(V) concentrations of the
Fig. 4. Adsorption isotherm at pH 3 using Chi:Ti (5:1) hybrids. Langmuir model is
presented. qeq (±SD, n = 3).
incubation solution respectively (mg/L), V is volume of solution
(L) and m is the sorbent mass (g). Adsorption isotherm models
were used to model equilibrium data. The two parameter
models analyzed were the Langmuir, Freundlich and Dubinin–
Radushkevich (D–R) models and the three parameter models were
the Redlich–Peterson (R–P), Toth and Sips models [33,37–40].
Table 2 presents the results obtained from the fitted models. The
mathematical models are presented in Supplementary Data.

The experimental data fitted better for the Langmuir isotherm
model followed by the Sips model. The Langmuir model typically
presents good adjustment for systems where the sorbate adsorbs
on the sorbent in a monolayer to homogeneous adsorption sites
[33]. This behavior could be expected for this system were chitin
present negligible adsorption capacity for As(V). Therefore, anionic
As(V) would be adsorbed homogeneously to the TiO2 nanoparticle
surface. Moreover, the homogeneity/heterogeneity parameters of
the R–P, Sips and Toth models show a trend towards a value of 1,
which would be indicative of a homogeneous adsorption process
[40,41].

If the adsorbent surface is heterogeneous and homogeneous
subregions are considered, an average free energy value could be
calculated using D–R equation [42]. EDR = (2KDR)�1/2, where EDR is
the mean free energy of adsorption (kJ/mol). The mean free energy
of adsorption can be indicative of the type of adsorption interac-
tion. In an adsorption process where chemisorption prevails, such
as in charge associated interactions, the magnitude of EDR is in the
range of 8–16 kJ/mol [42]. Lower values are related to
physisorption processes and larger values have been reported for
coordination or chemical reactions [42]. Taking into account that
the Elovich kinetic model presents the best fitting and the EDR
was 11.9 kJ/mol, it could be assumed that As(V) adsorption onto
the Chi:Ti hybrids is a homogeneous chemisorption process driven
by electrostatic attraction between an anionic sorbate and the
positive charge density of the sorbent surface.
3.7. Coexisting anions effect and natural water performance

Fig. 5 shows the influence of the concentration of coexisting
anions in the adsorption capacity of As(V). Chloride, sulfate and
nitrate were chosen since they are common anions of natural
waters. The presence of these anions in a level of 10 mg/L reduces
the adsorption capacity in 40% with respect to the one for ultrapure
water (qeq = 0.1 mg/g). Higher levels of Cl� do not show higher
reduction of As(V) adsorption capacity. This is not the case for
the presence of NO3

�, which decreases As(V) adsorption if it is
Table 2
Isotherm model parameters.

Model Parameter Goodness-
of-fit (AICc)

Langmuir qm (mg/g) 3.1 ± 0.1 �53.6
ka (L/mg) 0.29 ± 0.03

Sips qmS (mg/g) 3.7 ± 0.6 �52.7
KS (L/mg) 0.21 ± 0.08
nS 0.89 ± 0.08

Toth qmT (mg/g) 4 ± 1 �51.8
bT (L/mg) 0.29 ± 0.04
nT 0.8 ± 0.2

Redlich–Peterson KRP (L/mg) 1.0 ± 0.2 �51.6
aRP ((L/mg)nRP) 0.4 ± 0.2
nRP 0.9 ± 0.1

Dubinin–Radushkevich qDR (mg/g) 47 ± 6 �46.3
KDR (mol2/kJ2) (3.5 ± 0.1) 	 10�3

EDR (kJ/mol) 11.9 ± 0.2
Freundlich k (L/g h) 0.72 ± 0.02 �40.5

n 0.57 ± 0.02



Fig. 5. Influence of the concentration of coexisting anions in As(V) adsorption
capacity. qeq (±SD, n = 3).

Fig. 6. Influence of reutilization cycles in the As(V) adsorption capacity of the Chi:Ti
(5:1) hybrids. qeq (±SD, n = 4).
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present at higher levels. The steepest drop in As(V) adsorption is
produced by the presence of sulfate anions, being around 75%
when SO4

2� is P50 mg/L or higher. According to EPA water stan-
dards, the maximum Cl�, SO4

2� or NO3
� content in drinking water

should be 250 mg/L, 250 mg/L and 10 mg/L, respectively. Since
low interference was detected for chloride, and nitrate interference
is higher at concentrations which this anion should not exceed in
drinking water, the content of sulfate anions should be considered
as the most relevant interference for As(V) adsorption.

Table 3 shows the adsorption performance of natural or spiked
As(V) from tap or well-water. The highest adsorption capacities
were found for well-water from Trenque Lauquen city and tap-
water from Buenos Aires city. Both of these samples contained
the lowest amount of sulfate and nitrate, explaining the relatively
high adsorption capacity. Well-water from Pehuajó city showed a
lower qeq than the previously mentioned water samples probably
due to a higher sulfate content. Even though the water samples
from Tortuguitas city and Chascomús contained lower sulfate con-
tents than Pehuajó city, their nitrate content was five and seven
times greater respectively. This could explain the drop in adsorp-
tion capacity in those two samples compared with the latter. The
lowest qeq were found for the well-water from Chivilcoy city which
presented the highest levels of the three anions. The adsorption
performance was also analyzed by means of the sorbent dose.
For the water samples from Pehuajó the use two and four times
the initial sorbent dose showed to increase the total sorption
capacity, achieving adsorption levels up to 77% compared with
ultrapure water. This suggests that the adsorption percentage of
a given natural water sample could be improved by increasing
the sorbent dose and therefore overcome the interference of the
anions present in some natural waters.
Table 3
As(V) adsorption performance of Chi:Ti hybrid in natural water samples.

Sample type Origin (city) Initial As(V) (lg/L) Adsorption

Well Trenque Lauquen 163 ± 5a 49 ± 5
Tap Buenos Aires 106 ± 2a 34.5 ± 0.9
Well Pehuajó 103 ± 3c 28.8 ± 0.2
Well Tortuguitas 31 ± 1c 22.2 ± 0.5
Well Chascomús 115 ± 3c 14 ± 5
Well Chivilcoy 140 ± 5c 12.1 ± 0.5
Well Pehuajó 	 2 S.D.d 103 ± 3c 40 ± 2
Well Pehuajó 	 4 S.D. 103 ± 3c 76.7 ± 0.3

a Spiked.
b Not detected.
c Natural arsenic.
d Sorbent dose.
3.8. Sorbent reutilization

In order to assess the feasibility of reutilization of the material,
Chi:Ti (5:1) hybrid gels were subjected to a series of adsorption/
desorption cycles. As it can be seen in Fig. 6, the initial adsorption
capacity is maintained at least up to five cycles, showing not to be
significantly different (One-way ANOVA, p < 0.05). This was possi-
ble due to the chemical stability of the hybrid, which allowed the
desorption of the sorbate in alkaline media without affecting the
material properties. In alkaline media the TiO2 surface becomes
negatively charged and As(V) anions are displaced by OH�, clearing
the adsorption sites to be equilibrated by water in the equilibration
step before the subsequent adsorption cycle.

4. Conclusion

In this work a hybrid hydrogel was obtained by combining
chitin with TiO2 nanoparticles. The resulting material is reinforced
with respect to the chitin hydrogel by the nanoparticles which act
as fillers. Moreover, the addition of TiO2 endowed the hybrid with
As(V) adsorption capacity. Sorption capacity was found greater at
pH below the PZCpH of TiO2 where the nanoparticles present a sur-
face with positive charge density and the As(V) appears as an
anion. In this system, equilibrium was achieved within 4 h follow-
ing an Elovich model behavior, typical of chemisorption processes.
The equilibrium assays showed a consistent behavior of a homoge-
neous sorbate–sorbent interaction by presenting a better adjust-
ment to the Langmuir model and a value near to 1 for the
homogeneity/heterogeneity parameters of the Sips, Toth and Red-
lich–Peterson models. Typical natural water ions showed to com-
pete with As(V) for the sorption sites, being sulfate the most
(%) qeq (lg/g) Cl� (mg/L) SO4
2� (mg/L) NO3

� (mg/L)

224 ± 8 73.5 ± 0.1 14.1 ± 0.1 6.2 ± 0.1
76 ± 5 21.7 ± 0.7 19 ± 1 –b

46.1 ± 0.5 61.4 ± 0.1 23.5 ± 0.2 8.2 ± 0.1
15.4 ± 0.6 44.9 ± 0.6 11.0 ± 0.2 47.7 ± 0.6
47 ± 2 19 ± 2 2.03 ± 0.01 71.5 ± 0.1
44 ± 2 145 ± 3 76 ± 1 70 ± 5

44.4 ± 0.5 61.4 ± 0.1 23.5 ± 0.2 8.2 ± 0.1
52.7 ± 0.2 61.4 ± 0.1 23.5 ± 0.2 8.2 ± 0.1
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relevant interference. This interference was also evidenced in As(V)
adsorption from natural water samples where the sorption capac-
ity varied depending on the anion composition of the sample. The
material also proved that it can be reutilized with the aid of As(V)
desorption in alkaline media.
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