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Abstract: The removal of arsenate ions from aqueous solutions at near-neutral pH was carried out
using chitosan-magnetite (ChM) hydrogel beads in batch systems. Equilibrium isotherms and kinetic
studies are reported. Obtained equilibrium and kinetic data were fitted to mathematical models,
estimating model parameters by non-linear regression analysis. Langmuir model was found to best fit
equilibrium data; a maximum adsorption capacity of 66.9 mg As/g was estimated at pH 7.0. Pseudo-
first order kinetic model was observed to best fit kinetic data. The pH of the solution was observed to
increase with increasing contact time, which is attributed to protonation of amine groups present in
the hydrogel. Protonation of functional groups in the ChM sorbent yields a higher number of active
sites for arsenate removal, being as this a process that can’t be overlooked in future applications of
ChM hydrogel for the removal or arsenate ions. Chitosan-magnetite and ChM-arsenate interactions
were determined by XPS. Arsenate removal using fixed-bed column packed with ChM was carried
out, reporting a non-ideal behavior attributed to pH increase of the effluent caused by proton transfer
to ChM hydrogels.

Keywords: adsorption; arsenic; chitosan; magnetite; hydrogel

1. Introduction

High quality water availability is essential for the sustainment of life. Water pollution
by hazardous materials is of particular interest due to the detrimental health effects related
to its consumption. Arsenic is a pollutant that may originate from natural processes of
sediment dissolution, but can also originate from anthropogenic sources derived from
activities such as the burning of fossil fuels, mining and smelting, use of arsenic-containing
agrochemicals, among others [1]. Arsenic present in water is mainly in the form of the
inorganic compounds arsenite and arsenate [2,3], and under oxidizing conditions, the
pentavalent form of arsenic is prevalent [2,4]. At near neutral pH, the predominant species
of arsenate are the acid species HAsO4

2− and H2AsO4
− [5]. The prolonged ingestion of

water with >10 µg As/L augments human mortality since it is capable of causing various
cancer types [6]. Additionally, the ingestion of arsenic can be due to the consumption of
arsenic-contaminated food, such as fish [7]. The toxicity of arsenic is also evidenced by its
identification as a plant stressor [8,9].

The removal of pollutants from aqueous media can be carried out by the use of a
diverse array of technologies, such as chemical coagulation, biological treatment, electro-
chemical oxidation, ozonation, ultrafiltration and adsorption [10]. Adsorption is widely
used to remove contaminants due to the simplicity of its design and operation and low
operating costs [11,12]. Adsorption may be described as the mass transfer process where
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a substance, in this case, the pollutant, is transferred to a solid surface due to physical
chemical interactions [13,14].

Activated carbon is an effective universal adsorbent. However, its use in water
treatment is restricted due to its high cost; a cost-effective alternative method for removing
contaminants from water is the use of adsorbents obtained from agro-industrial wastes [15].
Chitin, obtained from seafood industry waste, is the second most abundant naturally
occurring form of polymerized carbon [16,17]. Chitin can be partially deacylated for the
obtention of chitosan, a biopolymer reported to be an effective adsorbent for the removal of
ionic species, due to the presence of amine and hydroxyl groups in its structure capable of
acting as active sites [18,19]. Chitosan is supplied in powder or flake form but is used as
an adsorbent in the form of hydrogel beads [20–22] which is advantageous when used in
large-scale water treatment with packed columns because the powder or flakes can cause a
significant drop in hydrodynamic pressure or clogging of the column [20,23,24]. Improved
functional properties of chitosan can be attained by combining it with other components
to produce composites [25]. Chitosan can be utilized as a polymeric matrix to disperse
other adsorbent materials or dispersed in other polymeric matrices (e.g., alginate), for the
obtention of hydrogel-adsorbent composite beads.

It has been reported that chitosan beads have a maximum adsorption capacity at
pH = 5.0 of 1.78 and 1.90 mg of As(III) and As(V), respectively, per gram of adsorbent. [26].
It was later reported that by impregnating chitosan with iron, the arsenic uptake capacity
was significantly increased, reporting a capacity of 6.48 mg/g for As(III) when studying
the adsorption process in batch systems at pH = 8.0 [23]. Iron oxides are considered to
be useful as arsenic adsorbents since they form complexes with arsenate ions and are
low-cost materials [27]; additionally, iron oxides present a high affinity for chitosan [6,28].
Chitosan-iron oxide composites have been used for the treatment of arsenic-contaminated
groundwater, at pH of 7, using batch systems; adsorption capacities of 16.15 and 22.47 mg
As/g adsorbent were reported for As(III) and As(V), respectively [29].

Chitosan-impregnated magnetic Fe3O4 nanoparticles have been studied for arsenic
removal from aqueous systems, in a batch system at a pH of 6.8; maximum adsorption
capacities of 35.3 and 25.7 mg As/g adsorbent were obtained for As(III) and As(V), respec-
tively [30]. Arsenate was removed from the aqueous system using magnetite in a batch
system at an initial pH of 7.9, where a maximum adsorption capacity of 3.65 mg As/g
was obtained [6]. Magnetite is an iron oxide that has been an object of interest in water
treatment research due to its biocompatibility, low-toxicity, magnetic property, low-cost,
and its high affinity to arsenic species [31,32].

The present work shows the dispersion of magnetite nanoparticles in a chitosan
hydrogel matrix to obtain hydrogel beads suitable for arsenate removal. Adsorption data
were fitted to mathematical models, estimating model parameters by nonlinear regression
analysis. Chitosan-magnetite and ChM-arsenate interactions were determined by XPS.
Arsenate removal was also carried out in a fixed-bed column packed with the chitosan-
magnetite hydrogel at near-neutral pH.

2. Results and Discussion
2.1. Characterization of ChM Hydrogel Beads
2.1.1. Hydrogel Bead Composition

It was obtained by gravimetry that the ChM contained 93.53 ± 0.10% water. Magnetite
content of the dry beads was determined by thermogravimetric analysis (TGA). Figure 1
shows the thermal behavior of ChM, where 7.4% mass was lost within 160 ◦C, attributed
to water loss, and 47.6% mass was lost in the 160–560 ◦C range, which is attributed to
the decomposition of the chitosan matrix. From 560 to 600 ◦C, the decomposition process
became slow and only 2.0% mass loss occurred. At 600 ◦C, 43.0% of the mass of the ChM
residue remained. Thus, the magnetite content of the hydrogel ChM beads was of 2.73%,
and the chitosan content of the hydrogel beads was of 3.74%.
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Figure 1. Thermogravimetric analysis of ChM powder.

2.1.2. Average Diameter of the Hydrogel Beads

A sample of 60 hydrogel beads was measured, resulting in the average diameter of
the ChM beads being 2.65 ± 0.07 mm.

2.1.3. Potentiometric Titration of ChM

The pKa of ChM was obtained from the titration data and by its analysis by linear
regression using the Henderson–Hasselbalch equation [33], obtaining a pKa value of
6.19 ± 0.05.

2.1.4. Morphology and Surface Characterization of Hydrogel Beads

Figure 2 shows that the ChM hydrogel beads are spherical (Figure 2a,b) with an
irregular surface with pores (Figure 2c). It can be observed in Figure 2d that some magnetite
nanoparticles form clusters.

2.1.5. Characterization of Chitosan-Magnetite and ChM-Arsenic Interactions by XPS

The XPS data retrieved for the ChM composite, before and after the adsorption of
arsenic, is presented in Figure 3. High resolution spectra of ChM were obtained, where
displacement correction was performed based on the chitosan signal for the C–C/C–H
bonds, assigning them a value of 284.8 eV. In the C1s region, four main components were
observed after the deconvolution. The signal at 287.6 eV was assigned to the C=O bonds of
the acetylated portion of chitosan (Figure 3a). The signal at 286.1 eV was assigned to C–O
and C–N, while the signal at 284.8 eV corresponded to C–C and C–H bonds [34–36]. The
fourth signal at 283.4 eV is attributed to signals of carbon adsorbed on magnetite [37].
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Figure 2. Images of ChM beads obtained (a) with a digital camera. (b–d) with a scanning electron
microscope (SEM).

In the deconvolutions of the N1s region, signals from three types of bonds appear. The
first signal at 400.1 eV corresponds to the amide group present in the acetylated portions of
chitosan. The signals at 399.0 and 397.8 eV are assigned to the amine group in chitosan,
with the highest value assigned to the protonated form [34]. It is observed that there is a
difference between the measured energy values and the reported values [34,35] for N1s,
which can be attributed to the presence of magnetite, which exerts a donor effect causing
the decrease of the energy required for the emission of the electrons from the nuclear levels
of the nitrogen atoms.

The O1s region (Figure 3a) shows three signals. The most significant signal, at 531.7 eV,
is assigned to the C–O bond, the signal at 530.7 eV corresponds to C=O bonds of chi-
tosan [34–36], and is minimal (1.39% of the O1s peak area), while the signal at 529.3 eV
corresponds to the oxygen atoms of magnetite [37–39], and presents 5.27% of the O1s
peak area.

In the spectral window of Fe2p (Figure 3a), three main signals, corresponding to Fe(II)
and Fe(III) iron ions occupying the tetrahedral (Th) and octahedral (Oh) interstices of
magnetite structure, are observed [37]. These signals are consistent with those reported in
literature [37]. The signals for Fe(II)Th, Fe(III)Th and Fe(III)Oh were assigned at 710.4, 711.6
and 714.0 eV, respectively.

However, the obtained ratio of Fe(II)Th:Fe(III)Th:Fe(III)Oh is 2:2:1, which differs from
the reported ratio of 1:1:1 previously reported for magnetite [37]; this difference is attributed
to the interaction of chitosan with iron, increasing the tetrahedral component of iron [37].
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Figure 3. XPS spectra of (a) ChM and (b) ChM-arsenic.

When ChM beads were placed in contact with aqueous As(V) solutions, new signals
and shifts in some signals were observed because of the interactions between de ChM
sorbent and the adsorbed arsenic.

After the adsorption process, the C1s (Figure 3b) signals are maintained at the same
binding energies as those observed for ChM (Figure 3a); however, a new signal was
observed at 288.9 eV, which is due to the protonation of the carbonyl group of chitosan
and residual C compounds in the magnetite. Comparing the spectra obtained for ChM
before and after arsenic adsorption, Figure 3b shows that there is a shift of the N1s signals
of ChM due to the interaction of arsenic with chitosan, becoming more similar to those
energy values reported for chitosan [34]. Figure 3b shows that in the O1s region, a shift of
the signal assigned to the C–O and C=O bonds occurs, and the intensity of these signals
decreases slightly. A new signal is observed at 531.3 eV that can be assigned to the O–As
bonds of the arsenic oxyanions [39].

When arsenate is adsorbed on ChM, the iron signals appear with the same binding en-
ergies, but the Fe(II)Th:Fe(III)Th:Fe(III)Oh ratio changes to 1.3:3.7:1. The increase in Fe(III)Th
ratio and decrease in Fe(II) ratio indicates the oxidation of Fe(II)Th to Fe(III)Th [39,40]. The
broadening of the curve confirms the oxidation process since the FWHM signal of Fe2p3/2
increases from 4.66 eV to 5.02 eV after adsorption.

The As3d region shows two main signals at 44.37 and 42.41 eV that can be attributed
to As(V) and As(III), respectively (Figure 3b). The presence of As(III) corresponds with the
transition of Fe(II)Th to Fe(III)Oh observed in the ChM-As complex after adsorption. This
electron transfer in which As(V) acts as an electron acceptor, was reported previously [39,40],
although the same reports indicate that the reverse process is possible; however, this was
not observed in the present experiments.
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The modification of the signal intensities and their shifts after arsenic adsorption
suggest that magnetite forms a complex with chitosan via nitrogen atoms. The shift in the
N1s region is at lower binding energies than previously reported by other authors [34] and
the increase in binding energies after adsorption, as well as the subsequent oxidation of
iron, support this proposed magnetite–chitosan interaction. Furthermore, this evidence
suggests that the binding in the complex is primarily to Fe(II) because, after adsorption, the
Fe(II)Th:Fe(III)Th:Fe(III)Oh ratio drops from 2:2:1 to 1.3:3.7:1. In addition, a decrease in the
iron total account is observed; before the adsorption of arsenic, the N:Fe proportion was
established in 5.69:1, and after the adsorption of arsenic, the N:Fe proportion was equal to
8.67:1.

2.2. Adsorption Kinetics

Table 1 shows the fitting of kinetic data to pseudo-first order model (Equation (4)),
pseudo-second order model (Equation (5)) and Elovich model (Equation (6)), as well as
the estimated model parameters. Since adsorption models are nonlinear, a nonlinear data
regression procedure for the determination of model parameters was applied to avoid the
possible distortion of experimental errors produced from a linear analysis [41,42]. Lineariza-
tion of nonlinear Equations alter the error structure and may disregard the error variance
and normality assumptions in the least-squares standard error estimation; nonlinear regres-
sion analysis is reported to be more robust [43,44]. The pseudo-first order model yielded the
highest correlation coefficients and the lower mean absolute error values (MAE), indicating
that it predicts better than the pseudo-second order model and the Elovich model.

Table 1. Kinetic data of As adsorption by ChM hydrogel beads at 25 ◦C and initial pH = 7.0, using
different initial concentrations of arsenic. The adsorption capacity is expressed in milligrams of As
per gram of dry sorbent.

Kinetic Models C0 = 5 mg As/L C0 = 10 mg As/L C0 = 15 mg As/L

Experimental qe (mg
As/g) 0.98 ± 0.06 1.36 ± 0.07 1.93 ± 0.14

Pseudo-first order
Estimated qe (mg As/g) 0.83 ± 0.03 1.26 ± 0.04 1.78 ± 0.06

k1 (1/min) 0.055 ± 0.007 0.069 ± 0.008 0.084 ± 0.012
R2 0.9582 0.9380 0.9082

MAE 0.036 0.054 0.120
Pseudo-second order

Estimated qe (mg As/g) 0.83 ± 0.02 1.24 ± 0.05 1.78 ± 0.06
k2 (g/mg min) 0.006 ± 0.001 0.012 ± 0.004 0.016 ± 0.004

R2 0.9794 0.8568 0.8707
MAE 0.025 0.089 0.096

Elovich
α 0.192 ± 0.134 0.972 ± 0.751 2.01 ± 1.50
B 6.60 ± 1.30 5.30 ± 0.88 3.96 ± 0.58

R2 0.7871 0.8391 0.8697
MAE 0.108 0.107 0.127

Figure 4 shows the experimental data and the predicted behavior by the pseudo-first
order, pseudo-second order and Elovich models, where it is confirmed that the pseudo-first
order model fits the experimental data better. During the adsorption process, the pH of
the solution increased with increasing contact time (Figure 5) due to the protonation of
mostly amine groups, which are responsible for the arsenate adsorption as suggested by
XPS spectra.
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Figure 4. Experimental kinetic data of As adsorption onto ChM hydrogel beads at 25 ◦C and initial
pH = 7.0; using different initial concentrations: 5 mg As/L (H), 10 mg As/L (�) and (N) 15 mg
As/L. Uptake values predicted by pseudo-first order (—), pseudo-second order (—) and Elovich
(—) models.

Figure 5. Uptake capacity (�) and pH (�) behavior as a function of contact time between ChM
hydrogel beads and arsenate solution at an initial solution pH of 7.0 and an initial concentration of
15 mg As(V)/L.
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2.3. Adsorption at Equilibrium

The adsorption isotherm (Figure 6) is L-shaped, without a strict plateau [45]. The
isotherm experimental data were fitted by nonlinear regression analysis to the Langmuir
(Equation (7)) and Freundlich (Equation (8)) models, since these models are adequate for
the analysis of type L isotherms [45]. Table 2 reports the estimated parameters for both
models, where higher correlation coefficient values, and lower MAE values, indicate that
the Langmuir model best describes the obtained adsorption data. A maximum arsenic
uptake capacity of 66.89 ± 8.57 mg As/g was estimated when the initial pH was 7.0.

Figure 6. Arsenic adsorption onto ChM at 25 ◦C and initial pH of 7.0; experimental adsorption
isotherm (λ) and predicted data by Langmuir model (—) and Freundlich model (—).

Table 2. Langmuir and Freundlich model constants and their correlation coefficients and MAE in As
adsorption on ChM hydrogel beads at 25 ◦C and initial pH = 7.0. Uptake capacity is expressed in As
milligrams per gram of dry sorbent.

Langmuir Model

qmax (mg As/g) 66.89 ± 8.57
KL (L/mg As) 0.0014 ± 0.0003

R2 0.9913
MAE 0.910

Freundlich Model

N 1.412 ± 0.117
kF (L/g) 0.3165 ± 0.1131

R2 0.9837
MAE 0.977
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2.4. Effect of pH

Tables 3 and 4 show Ce and qe at an initial solution pH of 6.5 and 7.0, respectively. The
sorbent adsorption capacity qe is expressed in milligrams of As per gram of dry sorbent.
Tables 3 and 4 also report that the pH values in liquid phase at the end of the adsorption
process are higher than the initial ones. This pH increase is due to the transfer of protons
from the solution to the amino groups on the sorbent [46,47]. The pH has an important role
in the adsorption mechanism [48].

Table 3. Arsenic adsorption onto ChM hydrogel beads at equilibrium at 25 ◦C and initial pH = 7.0.

Ce (mg As/L) qe (mg As/g) pHinitial pHe

2.60 ± 0.05 0.81 ± 0.02 6.98 7.22 ± 0.02
3.68 ± 0.10 0.98 ± 0.06 6.99 7.24 ± 0.01
7.92 ± 0.38 1.27 ± 0.23 7.02 7.27 ± 0.01
8.13 ± 0.10 1.36 ± 0.07 6.98 7.20 ± 0.01

16.51 ± 0.48 2.67 ± 0.29 6.98 7.24 ± 0.01
45.29 ± 0.95 3.49 ± 0.60 7.01 7.29 ± 0.01
94.37 ± 1.90 5.78 ± 1.14 6.99 7.25 ± 0.01

186.21 ± 2.19 13.17 ± 1.43 7.04 7.25 ± 0.01

Table 4. Arsenic adsorption onto ChM hydrogel beads at equilibrium at 25 ◦C and initial pH = 6.5.

Ce (mg As/L) qe (mg As/g) pHinitial pHe

3.38 ± 0.23 1.25 ± 0.14 6.54 7.03 ± 0.02
7.06 ± 0.13 2.48 ± 0.09 6.55 7.06 ± 0.01

16.06 ± 0.45 3.09 ± 0.15 6.55 7.02 ± 0.02
41.46 ± 0.65 7.64 ± 0.41 6.49 6.95 ± 0.03
85.53 ± 1.71 13.95 ± 1.29 6.52 6.92 ± 0.02

175.53 ± 4.66 26.46 ± 2.16 6.53 6.88 ± 0.01

Higher qe values were obtained when using an initial pH of 6.5 (compared to values
with an initial pH = 7.0), which is consistent when taking into consideration that protonated
amine groups interact with arsenate species. Particularly, when the initial pH was set at
6.50 ± 0.05, equilibrium was stablished with an increase in pH to up to 6.87–7.07 (Table 4).
The difference in pH is important because it defines the proportion of protonated amine
groups in the ChM hydrogel beads. The percentage of protonated amine groups of the
ChM material was obtained using the Henderson–Hasselbalch equation (Equation (9)),
obtaining a percentage of 32.88% protonated amines when the solution of the pH is equal
to 6.50. When pH increments to 7.00, the percentage of protonated amines decreases to
13.41%, which is a significant amount that is relevant considering protonated amines are
involved in the adsorption of arsenate anions.

2.5. Adsorption in a Fixed-Bed

Figure 7 shows that the breakthrough curve has a sigmoidal shape. However, after a
volume of approximately 2.3 L has passed through the column, the Ct/C0 ratio increases.
The column is considered to reach exhaustion point when a volume of 2.68 ± 0.02 L had
passed. Table 5 shows the breakthrough point, which was set when Ct/C0 = 0.05. The num-
ber of interstitial bed volumes (NIVBb) passed through the column was 28.2 ± 0.2 and the
amount of arsenic adsorbed by the ChM was 1.05 ± 0.01 mg As/g. At exhaustion, (NIVBe)
was equal to 315.4 ± 2.8, and the capacity of the column at this point was 5.68 ± 0.10 mg
As/g.
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Figure 7. Breakthrough curve for arsenic adsorption using a 13 cm-high column packed with ChM
hydrogel beads. Arsenate solution was fed at a rate of 8.5 mL/h, having an initial pH of 7.0 and an
initial concentration of 5 mg As(V)/L.

Table 5. Results obtained from the As adsorption at an initial pH of 7.0 using a 13 cm-tall column
packed with ChM hydrogel beads. C0 = 5 mg/L. Flow rate = 8.5 mL/h.

NIVBb NIVBe qb (mg As/g) qe (mg As/g) HL (cm) HLUB (cm)

2.8 ± 0.2 315.4 ± 2.8 1.05 ± 0.01 5.68 ± 0.10 2.40 ± 0.02 10.60 ± 0.02

Figure 8 shows the pH of the effluent as it exited the column, where it can be observed
that at the beginning of the operation, pH increased rapidly to 7.60 ± 0.04. Throughout the
column operation, the pH of the effluent slowly decreased, and at the end of the experiment,
the pH was 6.88 ± 0.01. The pH increase is due to the transfer of protons from the solution
to the chitosan amine groups. Because of the proton transfer from the incoming solution to
the amino groups in ChM, new active sites are continuously generated, which favors the
adsorption of arsenic. The effluent pH decreases as the solution enters the column because
there are fewer amine groups to protonate. When 2.7 L has passed through the column,
protonation is almost non-existent, so the effluent concentration increases rapidly, and the
column is exhausted.
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Figure 8. pH of the effluent solution using a 13 cm-high column packed with ChM hydrogel beads.
Arsenate solution was fed at a rate of 8.5 mL/h, having an initial pH of 7.0 and a concentration
of 5 mg As(V)/L.

Curves similar to the one obtained in the present work have been reported [49,50];
after breakthrough occurred, the outflow concentration increased rapidly, then stabilized
for a while, then increased again.

The length of the used bed at breakthrough point (HL) was estimated to be 2.40 ± 0.10 cm;
thus, the length of the unused bed (HLUB) was 10.60 ± 0.10 cm, using Equations (12) and (13),
respectively. Because the ratio HLUB/HL = 4.46, a value that is greater than 1, it is concluded
that the mass transfer zone was not fully developed, and the process was not efficient.

3. Conclusions

Arsenate adsorption onto ChM hydrogel beads was studied at near-neutral pH, report-
ing an increase in solution pH as the adsorption of arsenate occurred, which is attributed to
the proton transfer to amine groups present in ChM. Despite the complexity of the adsorp-
tion process, pseudo-first order was found to best model kinetic data, while Langmuir’s
model best described the equilibrium data obtained.

XPS spectra show that arsenate is adsorbed on nitrogen from chitosan and oxygen
from magnetite, and that an oxidation of Fe(II) to Fe(III) and a reduction of As(V) to As(III)
takes place when de ChM-As complex is formed.

When the As(V) solution with a concentration of 5 mg/L was treated in the fixed-bed
column, an amount equal to 28 volumes of the interstitial bed was purified. However, the
column was still inefficient because most of the bed was not utilized. To make the process
more efficient, it is necessary to have an HLUB/HL ratio ≤ 1, which can be accomplished by
decreasing the flow rate or increasing the length of the column.

The use of chitosan derivatives as sorbents should imply monitoring pH solutions
to better understand and control the process. Solution pH should not be overlooked, as
evidenced in the adsorption using a fixed-bed column packed with the ChM hydrogel,
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where the increments in pH (attributed to proton transfer from the solution to the ChM)
lead to a nonideal behavior.

4. Materials and Methods
4.1. Materials

Food-grade chitosan with a 90% degree of deacetylation was purchased from América
Alimentos (Zapopan, México). Magnetite was purchased as Fe3O4 nanopowder with
50–100 nm particle size (determined by the manufacturer by SEM) from Sigma-Aldrich
(Guangzhou, China) and was used as received. Acetic acid and sodium hydroxide were
obtained from Fermont (Monterrey, México). Ammonium molybdate tetrahydrate, ascorbic
acid, hydrochloric acid and sulphuric acid were purchased from Golden Bell (Zapopan,
Mexico). Potassium antimony(III) tartrate hydrate was purchased from Sigma-Aldrich (Ban-
galore, India). Dibasic sodium arsenate heptahydrate was obtained from Merck (Darmstadt,
Germany).

4.2. Preparation of ChM Hydrogel Beads

The chitosan powder was first pulverized in a mortar and passed through a 200 mesh
sieve. A mass of 4.5 g of powdered chitosan was then dissolved in 100 mL of 2% (v/v)
CH3COOH solution. Then, a mass of 0.45 g of magnetite nanopowder was added under
stirring to the chitosan solution using a hand-held processor until a dispersion of homo-
geneous appearance was obtained. For the formation of the ChM hydrogel beads, the
dispersion was added dropwise to a 1 M NaOH aqueous solution, using a Masterflex
075557 peristaltic pump with a Masterflex L/S 14 silicone hose. ChM beads were kept for
24 h in the NaOH solution for maturation. Next, the hydrogel beads were washed with
bi-distilled water until the obtention of pH = 7.0 in the filtrate. ChM beads were stored in
bi-distilled water in refrigeration until used.

4.3. Characterization of ChM Hydrogel Beads
4.3.1. Hydrogel Bead Composition

The water content of the hydrogel was obtained by gravimetric analysis; 1.0 g of
beads were dried in a MMM Venticell stove at 50 ◦C until constant weight (Equation (1)).
Five replicas were performed for this procedure. Magnetite content of a dry sample
was determined by thermogravimetric analysis using a Discovery Thermogravimetric
Analyzer (TA Instruments), heating from 25 ◦C to 600 ◦C at a rate of 10 ◦C per minute. The
equipment thermobalance’s sensitivity is 0.1 µg. A pulverized ChM sample of 2.2 mg was
placed in a platinum sample pan and the mass loss was calculated using the TA Universal
Analysis software. Since the magnetite content determined by thermogravimetric analysis
corresponds to the dry sample, hydrogel magnetite content was calculated by Equation (2).
Chitosan content in the ChM hydrogel was obtained by Equation (3).

%Water =
mass o f hydrogel − dry mass

mass o f hydrogel
100% (1)

%Magnetitehydrogel = %Magnetitedry mass
dry mass

mass o f hydrogel
(2)

%Chitosanhydrogel = 100% − %Water − %Magnetitehydrogel (3)

4.3.2. Average Diameter of Hydrogel Beads

The average diameter of the hydrogel beads was obtained by measuring a sample of
60 beads using a digital electronic calibrator.
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4.3.3. Morphology and Surface Characterization of the Hydrogel Beads

The morphology and surface of the ChM hydrogel beads were observed on a Hitachi
TM 1000 scanning electron microscope operated at an acceleration voltage of 15.0 kV and
an emission current of 48 mA.

4.3.4. Potentiometric Titration of ChM

The pKa of ChM was determined by potentiometric titration following the method
reported by Ríos–Donato et al. [33]; a mass of 0.2 g of pulverized ChM was suspended in
10 M HCl and titrated with 0.1 M NaOH. An Ohaus Starter 2100 potentiometer was used
for the measurement of pH.

4.3.5. Characterization of Chitosan-Magnetite and ChM-Arsenate Interactions

The interactions between chitosan and magnetite in the ChM composite, and ChM-
arsenic were characterized by X-ray Photoelectron Spectroctopy (XPS) using a XPS SPECS
System (Berlin, Germany), which contains a Phoibos 150 analyzer and a 1D DLD detector.
The XPS spectra were obtained with a monochromatic Al Kα source (1486.6 eV) working at
250 W (12.5 kV and 20 mA) and a base pressure of 3 × 10−9 mbar in the analytical chamber.
The high-resolution scans were conducted with a pass energy of 15 eV and step sizes of
0.1 eV, using a flood gun source of 20 µA of emission and 2 eV energy to compensate. Data
was analyzed with the Analyzer 2.21 software, using Lorentzian–Gaussian curves after
background subtraction.

4.4. Adsorption Kinetics Studies

Aqueous solutions with different arsenic concentrations (5, 10, and 15 mg As/L) were
prepared using Na2HAsO4·7H2O salt and bi-distilled water; the pH of the solution was
adjusted to 7.00 ± 0.05 using 0.1 M HCl. A mass of 0.25 g of ChM hydrogel beads was
transferred to a 15 mL centrifuge propylene tube, as well as a 10 mL volume of arsenate
solution. The tubes were placed in a Thermoshaker (MCR, Accesolab) at 25.0 ± 0.5 ◦C
under continuous agitation (100 RPM). The solutions were separated by decantation at
different contact times (5 to 900 min). All adsorption assays were performed in triplicate.
The amount of As(V) remaining in the solution was determined using the molybdenum
blue method [51]. Solution pH of the samples was measured using an Ohaus 2100 Starter
potentiometer.

Kinetic data fitting to mathematical models was carried out by non-linear regression
analysis at a 95% significance level, using Statgraphics Centurion XVI software. The Mar-
quardt algorithm was applied for the data analysis. The studied models were pseudo-first
order (Equation (4)), pseudo-second order (Equation (5)) and Elovich model (Equation (6)):

qt = qe

(
1 − e−k1t

)
(4)

qt =
qek2t

k2t + 1/t
(5)

qt =
1
β

ln(αβ) +
1
β

ln(t) (6)

where qt is the adsorption capacity at time t, k1 and k2 are the kinetic constants for the
pseudo-first order and pseudo-second order models, respectively. α is the desorption
constant and β is the initial adsorption rate [52–54].

4.5. Adsorption at Equilibrium

Aqueous solutions with different arsenic concentrations, from 4 to 800 mg As/L, were
prepared using Na2HAsO4·7H2O salt and bi-distilled water; the pH of the solution was
adjusted to 7.00 ± 0.05 using 0.1 M HCl. A mass of 0.25 g of ChM hydrogel beads was
transferred to a 15 mL centrifuge propylene tube, as well as a 10 mL volume of arsenate
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solution. The tubes were placed in a Thermoshaker (MCR, Accesolab) at 25.0 ± 0.5 ◦C
under continuous agitation (100 RPM) for 36 h. Then, the solution was separated from the
hydrogel beads by decantation. All treatments were performed in triplicate. The amount of
As(V) remaining in the solution was determined using the molybdenum blue method [51].
Solution pH of the samples was measured using an Ohaus 2100 Starter potentiometer.

The experimental isotherm data were fitted to the Langmuir (Equation (7)) and Fre-
undlich (Equation (8)) models by nonlinear regression analysis using the Marquardt algo-
rithm; the analysis was performed using Statgraphics Centurion software.

qe =
qmaxkLCe

1 + kLCe
(7)

qe = kFC1/n
e (8)

where Ce is the solute concentration in the liquid phase at equilibrium, qe is the adsorption
capacity at equilibrium, qm is the predicted maximum adsorption capacity, kL is the
Langmuir model constant, kF is the Freundlich model constant, and 1/n represents the
heterogeneity factor [52,55,56].

4.6. Effect of pH

Aqueous solutions with different arsenic concentrations, from 4 to 200 mg As/L,
were prepared using Na2HAsO4·7H2O salt and bi-distilled water; the pH of the solution
was adjusted to 7.00 ± 0.05 or 6.50 ± 0.005 using 0.1 M HCl. A mass of 0.25 g of ChM
hydrogel beads was transferred to a 15 mL centrifuge propylene tube, as well as a 10 mL
volume of arsenate solution. The tubes were placed in a Thermoshaker (MCR, Accesolab)
at 25.0 ± 0.5 ◦C under continuous agitation (100 RPM) for 36 h. Then, the solution was
separated from the hydrogel beads by decantation. All treatments were performed in
triplicate. The amount of As(V) remaining in the solution was determined using the
molybdenum blue method [51]. Solution pH of the samples was measured using an Ohaus
2100 Starter potentiometer.

The portion of protonated and unprotonated amine groups of ChM at a given pH
value was obtained by the Henderson–Hasselbach equation (Equation (9)), using the pKa
value estimated by potentiometric titration.

pH = pKa + log
[NH2][
NH+

3
] (9)

4.7. Adsorption in a Fixed-Bed

A glass column with an internal diameter of 1.8 cm and a height of 13 cm was packed
with 17.2 g of ChM hydrogel beads. An aqueous arsenate solution with an initial concentra-
tion of 5 mg As/L was prepared using Na2HAsO4·7H2O salt and bi-distilled water; the pH
of the solution was adjusted to 7.00 ± 0.05 using 0.1 M HCl. The column was fed with the
arsenate solution using a Masterflex 07557 peristaltic pump with Masterflex L/S 13 silicon
hoses, at a flow rate of 8.5 mL/h. The flow direction was from the bottom to the top of the
column to avoid channeling of the influent solution [57,58]. Effluent samples were collected
at different time intervals. The amount of As(V) remaining in the solution was determined
using the molybdenum blue method [51]. Solution pH of the samples was measured using
an Ohaus 2100 Starter potentiometer.

Column adsorption capacity values were obtained from the profile of the advancing
concentration in the effluent solution at the fixed-bed’s outlet. This profile is referred to as
the breakthrough curve and is commonly expressed as the dimensionless concentration
Ct/C0 as a function of time or volume. Ct is the As(V) concentration of the effluent at time t,
while C0 is the concentration of the feed solution. Equation (10) is used to estimate column
capacity at breakthrough point (qb) and Equation (11) is used for the estimation of column
capacity at exhaustion (qe). Time tb is referred to as the breakthrough time, and it is attained
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when the concentration of the effluent Ct reaches a maximum desired percentage of the
feed solution, and its value is usually taken as 1 to 5% of C0 [59–61]; for the present work,
tb was assigned when Ct reached 5% of C0. Column exhaustion capacity was determined
when Ct reached 95% of C0. In Equations (10) and (11), Q represents the volumetric flow
rate and mChM is the dry mass of ChM hydrogel beads.

qb =
QC0

mChM

∫ tb

0

(
1 − Ct

C0

)
dt (10)

qe =
QC0

mChM

∫ te

0

(
1 − Ct

C0

)
dt (11)

Although, in common practice, a fixed-bed column is stopped once the breakthrough
point is reached, it is necessary to continue operating the column until the exhaustion point
to be able to determine the length of the used column (HL) (Equation (12)) [52,59,62,63].
The ratio qb/qe is the fraction of the capacity of the bed used up at the breakthrough
point and H represents the total length of the column. HL is the length of the bed used up
to the breaking point, this being the region of the column where adsorbent particles are
saturated. Therefore, there is a fraction of the column that is not saturated when reaching
the breakthrough point, even though it is eventually saturated at exhaustion point, and
this fraction of the column is referred to as the length of unused bed (HLUB) (Equation (13)),
which represents the mass transfer zone (MTZ) developed in the fixed-bed [52,62,63]. The
efficiency of the column was referred to as the ration HLUB/HL.

HL = H
qb
qe

(12)

HLUB = H
(

1 −
qb
qe

)
(13)
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