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ABSTRACT

This study compared arsenic removal from drinking water by two different adsorbents: iron-im-
pregnated chitosan beads (Fe-ICB) and iron-doped chitosan beads (Fe-dCB). Scanning electron
microscopy, X-ray diffraction (XRD), Fourier transform infrared, and Raman spectroscopy were
applied to characterize the materials produced. The As(V) adsorption capacity of both types of mate-
rials was evaluated by batch tests, followed by a column test using the most promising material.
The XRD and the Raman spectroscopy confirmed the presence of 2-line ferrihydrite in the produced
Fe-dCB, and no specific iron oxy-hydroxide was identified in the Fe-ICB. Both types of materi-
als followed either the Langmuir or the Freundlich isotherm adsorption models. The Fe-dCB were
more efficient in removing As(V) than the Fe-ICB. The actual maximum capacity of the produced
Fe-dCB ranged from 0.27 to 0.61 mg/g under the conditions tested (concentration: 1 mg/L; pH: 7.0;
100 rpm). The Fe-dCB with the better adsorption capacity at low concentrations (<0.1 mg/L) were
used in a column test using an As(V) influent concentration of 0.060 mg/L. The Fe-dCB produced
close to 91,000 BVs, meeting the standard for drinking water (0.01 mg/L). Therefore, the material
exhibits promising adsorbent properties for filtration applications with low arsenic concentrations.

Keywords: Arsenic removal; Chitosan; Iron chitosan beads; Adsorption; Ferrihydrite.

1. Introduction

Groundwater arsenic contamination is a major environ-
mental problem worldwide that affects millions of people
and leads to myriad health complications, including sev-
eral types of cancer as well as neurological and endocrine
disorders [1]. Approximately 14 million people in Latin
America consume water with arsenic concentrations higher
than 10 pug/L, and around 4.5 million people are chronically
exposed to concentrations higher than 50 ug/L [2].

Adsorption technology has been widely used to
overcome the problem, due to its high removal efficiency,
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easy operation, and low cost. Numerous adsorbents
(e.g., activated alumina, TiO,, MnO,, and iron-based adsor-
bents) have been produced and studied for removing
arsenic from drinking water [3]. Iron is the most common
metal used in adsorbent production because of its low cost
and high arsenic removal capacity [4]. Several iron oxyhy-
droxides (e.g., goethite, ferrihydrite, and hematite) have
received more attention as a result of their high adsorption
potentials [5,6]. In addition, according to Thomson et al.
[7], adsorption occurs through a bidentate-binuclear bond
(Fe-O-As-O-Fe), and the initial interactions are mainly
due to electrostatic attraction. However, iron oxyhydroxides
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generally need to be granulated for their application in
a filtration process, due to their poor mechanical strength
and extreme pressure drop.

One simple way to produce an iron-based granulated
adsorbent consists of the use of chitosan. This compound
is a derivate of chitin, a natural abundant polymer, and
has been used as a binding agent or as a base for adsorbent
production [8-11]. Chitosan modifications enable the pro-
duction of crosslinked chitosan, chitosan-coated particles,
or chitosan-doped particles. Chitosan-modified adsor-
bents have been used for the removal of many pollutants,
including metal ions, dyes, anions, and phenols [8]. Among
these, iron(IIl)-chitosan beads (Fe-CB) have been devel-
oped: specifically, iron(Ill)-impregnated chitosan beads
(Fe-ICB) and iron(IlI)-doped chitosan beads (Fe-dCB) show
promising results for As(IIl) and As(V) removal in batch
systems [11,12].

The Fe-ICB production method consists of gelling the
chitosan (dissolving it in a slightly acidic medium, such
as acetic acid) and dripping it over NaOH to make the
bead shape; the beads are subsequently impregnated by
being placed in contact with an iron solution at pH 8 [12].
For Fe-dCB, some studies reported dissolving iron and
chitosan in an acid medium and then dropping it over a
NaOH solution [11]. However, to date, no study has exam-
ined which method is better for arsenic removal. Moreover,
knowledge on the effect of loading iron into the chitosan
bead surface is limited.

The aim of the current study was to compare two Fe-CB
preparation methods in terms of As(V) adsorption capac-
ity using a batch test and to evaluate the behavior of the
most promising method at low concentration (0.06 mg/L)
using a column test. Furthermore, the chitosan beads were
characterized by scanning electron microscopy (SEM),
X-ray diffraction (XRD), Fourier transform infrared (FTIR),
and Raman spectroscopy to determine the possible iron
oxyhydroxides formed during the production procedure.

2. Materials and methods
2.1. Materials

Chitosan was prepared by the Polymer Laboratory
(POLIUNA) of Universidad Nacional, Costa Rica, as
described below. The sodium hydroxide (Merck, USA),
hydrochloric acid (J.T. Baker, 36.5-38%), glacial acetic acid
(Merck, USA, 100%), FeCl,:6H,0O (Sigma Aldrich, USA,
>98%), polyvinyl alcohol (PVA) (Merck, USA, >98%), BES
(N,N-Bis(2-hydroxyethyl)-2-aminoethanesulfonic acid
(Sigma-Aldrich, USA), and sodium chloride (J.T. Baker)
were reagent grade. Arsenate stock solutions were prepared
from sodium arsenate Na,HAsO,-7H,O (Alfa Aesar, USA,
98%—-102%) in ultrapure water and preserved with nitric acid
(J.T. Baker, 69%-70%). Atomic absorption spectrometry (AAS)
standard solutions were purchased from Sigma-Aldrich (USA).

2.2. Fe-CB synthesis

2.2.1. Chitin and chitosan production

Chitin were extracted following the procedure laid out
by Sanchez et al. [13]. Shrimp shell (Pannaeus vannamei)

was provided by Rainbow Export Processing S.A, Costa
Rica. The shells were treated with a 5% sodium hydroxide
(NaOH) solution (w/v 1:3) at 298 K for 2 h to remove pro-
teins, lipids, and other organic residues. The deproteinated
material was treated with a 5% hydrochloric acid (HCI)
solution (w/v 1:2) for 2 h at 298 K to dissolve the inorganic
matter. The resulting chitin was then washed and dried.
Chitosan was obtained through chemical deacetyla-
tion of the extracted chitin [13]. The material was treated
with 50% sodium hydroxide solution (w/v 1:10) for 2 h at
373 K. After the reaction, the produced material was washed
with distilled water until near-neutral pH and dried at
333 K in a vacuum oven. The obtained chitosan showed
a viscosity-average molecular weight of approximately
137 KDa and a degree of deacetylation (DD) of 75%—-80%.

2.2.2. Preparation of the Fe-CB

Fe-CB with varying iron chloride content were pre-
pared using the reagents and concentrations presented
in Table 1. The Fe-ICB50 material was prepared using an
impregnating method modified from Padilla-Rodriguez et
al. [12] with minimal changes in terms of chitosan concen-
trations (2% w/v vs. 5% w/v in this study) and including
the use of PVA. The chitosan was dissolved in an acetic
acid solution and then dropped with PVA into the alka-
line solution under continuous stirring, in order to form
the spherical-shaped beads. The addition of PVA to the
alkaline solution induces the formation of well-defined
and rounded particles. Thereafter, the chitosan beads were
washed with distilled water until they reached neutral pH
and were then kept overnight in a 50 mmol/L FeCl, solu-
tion at pH 8 under continuous stirring. The resulting mate-
rial was washed with deionized water to remove the iron
excess and then oven-dried at 45°C for 24 h.

The other materials (Fe-dCB80 to Fe-dCB500) were
prepared using a modified doping method from He et al.
[11]—varying the FeCl, molarity from 80 to 500 mmol/L
FeCl,, respectively (Table 1); increasing chitosan and acetic
acid concentrations from 3% w/v and 1% v/v, respectively,
to the concentrations in Table 1; and preparing the gel at
environmental temperature instead of at 323 K. The chi-
tosan and FeCl-6H,0 were dissolved in acetic acid, and the
resulting solution was dropped into an alkaline solution
under continuous stirring. After 24 h of contact time, all the
chitosan beads were rinsed with distilled water until the pH
was ~7, and then they were oven-dried at 45°C for 24 h.

2.2.3. Adsorbent characterization

The iron content of the beads was determined by
digesting 0.1 g of the material with 20 mL of HNO, 1+1
at 473 K for 15 min in triplicate. The produced materials
were sieved with ASTM standard sieves (N°8 to N°20) to
determine the particle size range. The hardness of the sam-
ples was tested according to the Mohs scale, using a fin-
gernail and a pocketknife [14]. The surface morphology
was observed by means of an SEM—a Hitachi TM-1000 at
1,000x, with 15 kV resolution. The crystalline phase patterns
were studied by XRD using a PANalytical (UK) Empyrean
device coupled with a PIXcelID detector with CoKa anode
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Table 1
Fe-CB synthesis materials and iron contents
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Material Chitosan Acetic acid FeCl, molarity Alkaline solution Fe-content
% wW/v % v/v mmol/L % wiv (mg Fe/g)
Fe-ICB50 5 5 50 2.5% NaOH + 0.5% PVA 2.5°+0.3"
Fe-dCB80 5 5 80 2.5% NaOH 67.2+0.9
Fe-dCB100 4 5 100 2.5% NaOH 929+41
Fe-dCB150 4 5 150 2.5% NaOH 138127
Fe-dCB500 4 5 500 2.5% NaOH 248.7+0.8

“Average; "standard deviation.

(A=1.78901 A), scanning from 20 = 5°-80° with a 0.013° step
width.

The FTIR spectra of samples were only performed for
the Fe-dCB with the highest iron content because the XRD
evinces small variations for low iron contents (Fe-ICB50,
Fe-dCB80). The spectra were obtained at a resolution of
0.481 cm™ over the range 4,000-400 cm™, in a Nicolet 380
Thermo Scientific (USA) instrument using an ATR sam-
pling technique. Raman spectra were measured between
200 and 3,500 cm™ using a Thermo Scientific spectrometer
(USA), model DXR™, with a laser wavelength of 532.2 nm,
with a sampling data space of 0.96 cm™ at 20 times objec-
tive. The Raman spectra were carried out only for the
Fe-dCB500, due to its high iron content. For SEM images,
XRD spectra, and FTIR spectra, a blank consisting of chi-
tosan was also measured in order to contrast the readings.

2.2.4. Isotherm adsorption test

Equilibrium adsorption isotherms were performed
by placing different adsorbent doses (between 0.5 and
5 g/L) in contact with 0.2 L of ultrapure water 1 mg/L
As(V) solution. The pH was fixed to 7 using 2 mmol/L
BES buffer and NaOH or HCIl, as recommended by Amy
et al. [15]. The test was conducted at 293 K in an orbital
shaker, DLab SK-0330-Pro, for 24 h (a suggested equilibra-
tion time for Fe-ICB and Fe-dCB) [12,16] and at 100 rpm,
which was high enough to ensure well-mixing and avoid
vortex formation. The isotherm data were analyzed using
the linearized Langmuir and Freundlich adsorption
models (Egs. (1) and (2), respectively):

1_1+1(1j .
Q Q, QunlC @

where Q is the equilibrium adsorption capacity (mg/g),
Q,, is the Langmuir maximum adsorption capacity (mg/g),
b is the Langmuir constant (L/mg), and C is the equilibrium
concentration (mg/L).

logQ =logK, +nlogC 2)

where Q is the equilibrium adsorption capacity (mg/g),
K, is the Freundlich adsorption capacity parameter

(mg/g) (L/mg)", C is the equilibrium concentration (mg/L),

and n is the Freundlich adsorption intensity parameter
(arbitrary units).

2.2.5. Breakthrough curve column test

The breakthrough curve (BTC) test was conducted
using a plastic column (28.5 mm x 200 mm, W x L) at room
temperature. Ultrapure water was spiked with an initial
As(V) concentration of ~0.06 mg/L, the ionic strength was
controlled with 15 mmol/L NaCl, and the influent pH was
5.6 since no buffer was added. The solution was pumped
upflow through the system at 1.0 m/h using a dosing pump
(Hannah Instruments, USA, model BL 10) to maintain an
empty bed contact time (EBCT) of 5 min, as suggested by
Rubel [18]. Prior to use, the material was kept in distilled
water for 24 h to swell the particles. Then, the column was
packed carefully using the wet method in order to avoid
the introduction of air bubbles [19]. Glass beads were
placed above and below the material to disperse the flow,
as recommended by Hristovski et al. [20]. 20 mL effluent
samples were taken at different time intervals for arsenic
analysis. The experiment lasted approximately 15 months,
until the effluent arsenic concentration was above the
maximum contaminant level (MCL) of 0.01 mg/L.

2.3. Analytical methods

The iron and arsenic determinations were performed
using an atomic absorption spectrometer (Perkin Elmer,
model Analyst 800) according to the Standard Methods
for the Examination of Water and Wastewater method
3111B (direct air-acetylene flame method) and method
3114B (hydride generation method), respectively [21].
The instrument measurement of each sample was per-
formed in duplicate. The detection limits were 0.2 mg/L
and 1 pg/L for iron and arsenic, respectively. Samples
were preserved at pH < 2 using HNO, and stored at 277 K
until they were analyzed. To avoid contamination, all
bottles, glassware, and columns were rinsed with HNO,
1+1 and then with ultrapure water.

3. Results and discussion
3.1. Characterization of the Fe-CB

The resulting materials were insoluble in water and
showed high hardness (2.5-5, Mohs scale) and a uniform
rounded shape, with a grain size of 0.85-1.7 mm. The



J.R. Gonzilez-Rodriguez et al. / Desalination and Water Treatment 220 (2021) 142-151 145

impregnated beads, called Fe-ICB50, had a light orange
surface color; the iron(Ill)-doped chitosan beads (Fe-dCB80
to Fe-dCB500) had the appearance of brownish granules.
Both colors are evidence of the presence of iron.

Table 1 shows the amount of iron(Ill) loaded into the
beads. Fe-ICB50 presented a low iron content (2.5 mg/g),
showing that the impregnated method is less efficient.
Fe-dCB80 to Fe-dCB500 presented a greater iron content—
from 67.2 to 248.7 mg/g—showing that the iron uptake is
improved with this technique and that it is a function of
the iron chloride molarity used (Table 1). For comparison,
the Fe-ICB50 iron content in this study is slightly lower
than that produced by Padilla-Rodriguez et al. [12], at
6.3 mg/g. This suggests that the iron loading into the bead
is not dependent on the chitosan ratio, but rather seems to
be surface dependent. In terms of Fe-dCB, the Fe-dCB150,
and Fe-dCB500 showed higher iron contents (138.1 and
248.1 mg/g, respectively) than that reported by He et al.
[11], at 127.78 mg/g.

Fig. 1 shows the SEM images at 1,200x of the raw chi-
tosan and at 1,000x of the Fe-CB produced. As can be
seen, the chitosan (Fig. 1a) has a slightly rough surface,
which was seen in each of the beads produced, primar-
ily at higher iron contents. The Fe-ICB50 and Fe-dCB80
(Figs. 1b and c) showed small surface changes compared
to the pure chitosan, and the Fe-dCB100 and Fe-dCB150
showed a rougher and irregular surface. With regard to
Fe-dCB500, a different pattern can be observed compared
to the others: some particles can be seen attached to the

AL D50 x1.2k 50um

surface. This suggests that the iron chloride concentration
(500 mmol/L) used in the synthesis was excessive, and iron
oxyhydroxide probably precipitated on the surface.

Fig. 2 shows the chitosan and Fe-CB FTIR spectra.
Characteristic chitosan bands are identified as the N-H
stretching at 3,360 cm™, the C-H stretching at 2,875 cm™, the
amide group at 1,650 cm™, the amino group at 1,577 ecm™
(absent in chitin), the amide methyl group at 1,379 cm™,
the C-O-C stretching at 1,152 cm™, and the C-O stretch-
ing at 1,020 cm™ [22,23]. These bands are also exhibited
in the iron composite beads. However, with Fe-CB500,
a decrease in the intensity of the chitosan characteristic
bands is noted, suggesting a metal-polymer complex-
ation. Interestingly, the transmittance of the N-H band
at 3,360 cm™ of the C-2-amino is substantially reduced in
Fe-CB500, which has higher iron loading (Table 1), show-
ing an interaction between the metal and the amino group
and a possible complexion taking place into the hydrophilic
pocket of the polymer. Nevertheless, the characterization
of the iron oxyhydroxide by this technique was impossi-
ble, since the bands of the Fe—O bonds between 600 and
1,000 cm™ were unclear as a result of chitosan interference
(Fig. 2).

XRD analysis was performed to compare the produced
Fe-CB with the chitosan raw material (Fig. 3a). The raw
chitosan showed two broad peaks, at 20 = 9°-13° and at
20°-28°. The peak at 9°-13° is related to the amorphous
portion of the chitosan structure, due to the presence of
amino groups at C-2-amino; the peak at 20°-28° is related

x1,0k 100 um

x1,0k 100 um x1,0k 100 um

Fig. 1. SEM micrographs from chitosan and different Fe-CB: (a) chitosan, (b) Fe-ICB50, (c) Fe-dCB80, (d) Fe-dCB100, (e) Fe-dCB150,

and (f) Fe-dCB500.
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Fig. 2. FTIR spectra of the Fe-dCB100, Fe-dCB150, and Fe-dCB500.

to the crystalline portion of the biopolymer structure,
resulting from packing of the polymer chain and inter-
chain interactions [24]. The Fe-ICB50 diffractogram is
very similar to the raw chitosan, indicating an unnotice-
able change in the structure by the iron(III) impregnation.
In contrast, the XRD pattern of the iron(IIl)-doped mate-
rials (Fe-dCB80 to Fe-dCB500) showed attenuation in the
chitosan peaks at 9°-13° and at 20°-28°. This indicates that
the structure of the chitosan was transformed into a more
amorphous structure when it was doped with iron(III).
When the chitosan is loaded with iron, the hydrogen bonds
between the C-2-amino and hydroxyl bounds can be dis-
rupted, and thus the polymer chains become disordered
and more amorphous [10,24]. This finding supports the
results found in the FTIR spectra, where the transmittance
of the N-H band at 3,360 cm™ of the C-2-amino decreased
as the iron content increased.

Chitosan

Intensity [a.u]

e~ Fe-ICB50

Fe-dCB80

Fe-dCB100
Fe-dCB150
Fe-dCB500

T T T T T T T T T T T T T T 1
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
°20

In addition, the Fe-CB materials from Fe-dCB100 on
showed a new poor amorphous phase, with two broad
peaks at 41° and 74° (Fig. 3a). The trend in the intensity
of these peaks correlates to the iron loading in the beads
(i.e., the intensity increases as the iron loading increases).
According to Cornell and Schwertmann [25], such peaks
are related to 2-line ferrihydrite. Fig. 3b shows the diffrac-
togram of the Fe-dCB500 and of a synthetic ferrihydrite
produced by Gimsing and Borggaard [26]. As can be seen,
the patterns are similar despite interference from chitosan.
This finding is further supported by Raman spectroscopy.

The Raman spectra of the produced materials were con-
ducted to confirm the presence of the 2-line ferrihydrite in
the Fe-dCB evidenced in the XRD. The use of Raman spec-
troscopy is appropriate for minerals that display poorly-
defined XRD patterns, like ferrihydrite [27]. Fig. 4a shows
the Fe-dCB500 and the chitosan (70% DD) spectra reported

b)
41°
Fe-dCB500
74°
=
S,
z
Z
=
4
=
T T T T T T
15 25 35 45 55 65 75

°20

Fig. 3. XRD of (a) the Fe-CB produced in this study and (b) Fe-dCB500, with the synthetic ferrihydrite of Gimsing and Borggaard [26].



J.R. Gonzilez-Rodriguez et al. / Desalination and Water Treatment 220 (2021) 142-151

a) 1146

Fe-dCB500

=

S,

z

172]

=

2

ks

g

g

S

R Chitosan
T T T T T T 1

500 1000 1500 2000 2500 3000 3500

Wavenumber (cm'l)

147

b)
Fe-dCB500

Raman Intensity [a.u.]

T T 1
600 800 1000

Wavenumber (cm'])

T
200 400

Fig. 4. Raman spectroscopy of Fe-dCB500 compared to: (a) chitosan from Zajag¢ et al. [28] and two synthetic ferrihydrite and
(b) Fh-s1 from Zhang et al. [30] and Fh-s2 from Mazzetti and Thistlethwaite [31].

by Zajag et al. [28]. The characteristic Raman bands of chi-
tosan found in Fe-dCB500 are the stretching vibrations at
936 cm™ (C=0), at 1,146 cm™ (C-O-C), and at 1,654 cm™
(CN), as well as the bending vibrations at 1,591 cm™ (NH,)
[28,29]. Furthermore, the spectra of the Fe-dCB500 exhib-
its three bands related to the iron oxyhydroxy phase below
1,000 cm™ (Fig. 4b). It shows two broad and weak bands
at 370 and 510 cm™ and a stronger one at 710 cm™, which
is consistent with the findings of synthetic 2-line ferri-
hydrite (Fh-s1 and Fh-s2) produced by Zhang et al. [30]
and by Mazzetti and Thistlethwaite [31], respectively.

Using a similar bead production methodology, He
et al. [11] found that ferrihydrite and goethite were both
presents in the beads. It is important to note that the
characterization methods used in this study (XDR, FTIR,
and Raman spectroscopy) were not used by them, which
could provide a valuable comparison opportunity. They
detected a mixture of nano-ferrihydrite and nano-goethite
using zero-field ¥Fe Mossbauer spectroscopy, but the pro-
portion of each compound was unknown. In contrast, in
the present study, the XRD and Raman only suggest the
presence of 2-line ferrihydrite.

3.2. Isotherm adsorption test

Adsorption isotherm tests were performed in order to
study the adsorption to the produced Fe-CB. Fig. 5 shows
the isotherm data and the best fit model (Langmuir or
Freundlich) according to the R? in Table 2. Closer exam-
ination of Fig. 5 reveals that the As(V) adsorption of
the Fe-ICB50 material was significantly lower than the
Fe-dCB materials, indicating that the Fe-dCB produc-
tion procedure leads to more efficient material. Among
those materials, several differences in the As(V) adsorp-
tion curves suggest that iron uptake plays a role in the
adsorption process.

As can be seen in the Fig. 5 inset, the adsorption is
relatively similar for all Fe-dCB below 0.1 mg/L of As(V)
equilibrium concentration; only Fe-dCB150 presented

slightly higher adsorption. Interestingly, at equilibrium
concentrations higher than 0.1 mg/L of As(V), Fe-dCB500—
the material with the highest iron content (248.7 mg/g,
Table 1) —presented a plateau, as well as the lowest adsorp-
tion capacity among the Fe-dCBs at all equilibrium concen-
trations above 0.1 mg/L. In contrast, Fe-dCB80, Fe-dCB100,
and Fe-dCB150 presented similar capacities between As(V)
equilibrium concentrations of 0.10-0.25 mg/L; above that
range, Fe-dCB100 performed slightly better. Therefore,
among those materials, a trend between the iron load-
ing and the adsorption capacity was undetected. For
Fe-dCB500, the decrease in the adsorption capacity com-
pared to the other Fe-dCBs may have occurred due to a
blockage in the pathways to adsorption sites caused by
the precipitates observed in Fig. 1f. The use of Fe-dCB150
and Fe-dCB100 could be recommended for concentrations
lower and higher than 0.1 mg/L of As(V), respectively.

The adsorption isotherm parameters are shown in
Table 2. The Fe-ICB50 fits better to the Langmuir model,
consistent with Padilla-Rodriguez et al.’s [12] findings for
a similar material, indicating a mono-layer coverage of
the As(V) on the Fe-ICB [18]. The Fe-ICB50 in this study
showed lower Q (1.75 mg/g) than the finding of Padilla-
Rodriguez et al. [12] (at 2.72 mg/g). The better performance of
their study could be due to a higher iron content of the beads
(6.3 vs. 2.5 mg/g), a lower equilibrium pH (6.0 vs. 7.0) that
favors arsenic adsorption, and probably the present study’s
higher initial arsenic concentration range (up to 5 vs. 1 mg/L).

Regarding the Fe-dCB (Fig. 5), the Fe-dCB500 pre-
sented a maximum capacity plateau or L-shape and
thus fits better to the Langmuir model (see R? in Table 2).
In contrast, the other Fe-dCBs better follow the Freundlich
model, showing high affinity (n < 1) or favorable adsorp-
tion at lower equilibrium concentrations [17]. The n value
range is 0.69-0.89 (Fe-dCB150 < Fe-dCB80 < Fe-dCB100),
indicating that the latter performed better at higher
arsenic equilibrium concentrations, as shown in Fig. 5.

The experimental or actual maximum capacity, Q,__, of
the Fe-dCBs (Fig. 5) ranged between 0.27 and 0.61 mg/g
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Table 2

Isotherm parameters for As(V) uptake on the different chitosan beads produced
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Material Langmuir Freundlich
Q, (mg/g) b (L/mg) R K, (mg/g)(L/mg)" n R
Fe-ICB50 1.75 0.1 0.643 0.17 0.84 0.574
Fe-dCB80 1.31 0.9 0.981 0.76 0.84 0.992
Fe-dCB100 3.66 0.3 0.932 0.94 0.89 0.936
Fe-dCB150 0.76 22 0.961 0.67 0.69 0.988
Fe-dCB500 0.35 3.7 0.930 0.31 0.46 0.914
Q. maximum adsorbent capacity; b: Langmuir adsorption coefficient; K. Freundlich adsorption intensity coefficient;
n: Freundlich affinity exponent.
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Fig. 5. Best fit isotherms of
low range concentrations.

(Fe-dCB500 < Fe-dCB150 < Fe-dCB80 < Fe-dCB100). As
shown in Table 3, Fe-dCB100 presented a higher capacity than
the low-cost material rice husk biochar and a similar capacity to
chitosan red scoria blend and laterite soil. Compared with
other similar Fe-dCBs, Fe-dCB100 showed a slightly lower
adsorption capacity than iron-doped chitosan granules, and
one order of magnitude lower than goethite chitosan beads
and chitosan-iron oxyhydroxide beads. The higher capac-
ities reported by He et al. [11] and Hasan et al. [16] when
using those materials can be related to their higher equilib-
rium concentrations of 5-63 mg/L and 1-50 mg/L of As(V),
respectively, used in the batch experiments. Additionally,
Hasan et al. [16] and He et al. [11] used lower pH values
(6.5 and 5.0, respectively), which is a condition that favors
the adsorption capacity for iron oxyhydroxides [32]. In
summary, the batch test results suggest good adsorption
performance with a more realistic arsenic concentration
than those evaluated in previous studies for Fe-dCBs.

3.3. Column filtration test

Given that Fe-dCB150 presented a relatively better
potential at low concentrations (Fig. 5, inset), and given

Fe-ICB50, Fe-dCB80, Fe-dCB100, Fe-dCB150, and Fe-dCB500. Inset: isotherms’ behavior at

its higher Freundlich affinity to As(V) (between the best-
fit materials to Freundlich model) (Table 2), it was chosen
for the evaluation of the removal capacity in the column
filtration mode.

Fig. 6 shows the As(V) BTC of the Fe-dCB150 material
for 0.06 mg/L As(V) influent concentration. At the begin-
ning of the BTC (<20,000 BV), an atypical effluent arsenic
plume was detected close to the MCL. That effect is related
to a reduction in the adsorption capacity of the material,
probably due to some alkali residuals that remained after
the bead washing and that increase the water pH and
therefore decrease the adsorption capacity [37]. This indi-
cates that for future application and scale-up, the beads
require an efficient washing step in the production phase
and/or extensive monitoring at effluent. Above 20,000 BV,
the arsenic stabilized to zero, and then the curve started to
show the characteristic S-shape of a BTC. The breakthrough
at the MCL (BV, ) was around 91,000 BVs.

Few studies have reported Fe-dCB column studies.
Hasan et al. [16] reported a column test for Fe-dCB using
an inlet ultrapure water solution of 10 mg/L of total arsenic
(5 mg/L As(V)+5mg/L As(III)) and could treat 50 BVs for As(V)
at BV . Gupta et al. [36], using glutaraldehyde crosslinked
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Table 3

Comparison of the adsorption of As(V) by Fe-dCB and other low-cost adsorbents
Material C, (mg/L) pH Q... (mg/g) Reference
Rice husk biochar 0.09-0.85 6.7 0.014 [33]
Chitosan red scoria blend 0.1-10 7 0.62 [34]
Laterite soil 0.1-25 7 0.63 [35]
Iron-doped chitosan granules 1-10 7 0.84 [36]
Goethite chitosan beads 5-63 5 8.50 [11]
Chitosan-iron oxyhydroxide beads 1-50 6.5 4.95 [16]
Fe-dCB100 1 7 0.61 This study

C,: Initial concentration; Q__ : actual maximum capacity reported.

max”

0.06

0.05

0.04

0.03

0.02

Outlet As(V) concentration (mg/L)

MCL=0.01 mg/L

00 s s i St s s s

Throughtput, BV x 10 000

Fig. 6. Breakthrough curve of Fe-dCB150.

Fe-dCB, reported a BV, of 112 BVs for groundwater, with an
initial concentration of 0.5 mg/L. The Fe-dCB150 in the cur-
rent study showed a larger amount of BV, (91,000 BVs) than
both studies. Despite the differences in As concentrations,
water type, and pH (7.0 vs. 5.6 in this study), the Fe-dCB150
performed much better than the other studies.

Given these column results, it is interesting to compare
the Fe-dCB150 performance with commercial iron-based
adsorbents. Zeng et al. [38] used a synthetic ferrihydrite
(Enviroscrub Technologies Corporation, USA) and reported
a BV, of 32,400 BVs, with an influent concentration of
0.1 mg/L at pH 7.5 with ultrapure water. Barlokova et
al. [39] reported 28,600 BVs for As(V) at BV, in a col-
umn study for Bayoxide® E33 (90.1% o-FeOOH) using tap
water spiked with an inlet concentration of 0.05 mg/L at
neutral pH. The ferrihydrite and the E33 had almost 2.8
and 3.2 times lower BV, than Fe-dCB150, respectively.
Although the experimental conditions (e.g., pH and water
type) are quite different, with a similar arsenic influent
concentration the Fe-dCB150 clearly presents a similar or
higher adsorption capacity to those commercial products.

4. Conclusion

Effective arsenic removal using Fe-CB materials has
been reported in the literature with two different produc-
tion methods, leading to Fe-dCB and Fe-ICB. The aim of
the present study was to demonstrate under identical eval-
uation conditions which produced material performs bet-
ter. The results demonstrated that Fe-dCB is more efficient
for arsenic removal than Fe-ICB. Moreover, in Fe-dCBs, the
interaction of the iron oxyhydroxides formed with the chi-
tosan matrix was supported by XRD and FTIR measure-
ments. Furthermore, XRD and Raman tests confirmed the
presence of 2-line ferrihydrite in the Fe-dCB chitosan beads.

In addition, batch adsorption studies indicated that arse-
nic adsorption better followed the Freundlich model and
that the capacity of the Fe-dCBs is relatively similar among
the materials, with iron uptakes between 67 and 138 mg/g.
However, when the iron content was close to 250 mg Fe/g
(Fe-dCB150), the adsorption presented a maximum limited
adsorption capacity and followed the Langmuir model,
showing that high iron uptakes might limit the arsenic access
to the adsorption sites, probably due to iron precipitates.
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The column test showed that the Fe-dCB150 presented
a superior performance to the BV,  than similar Fe-CB
results previously reported. The number of BVs treated by
Fe-dCB150 is even higher than commercial adsorbents in
the tested conditions. Therefore, results suggest that the
iron composite chitosan beads produced are promising for
upscaled production.
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Symbols

Q — Equilibrium adsorption capacity

Q — Langmuir maximum adsorption capacity
Q... — Actual maximum capacity reported

b — Langmuir adsorption intensity parameter
C — Equilibrium concentration

K — Freundlich adsorption capacity parameter
n — Freundlich adsorption intensity parameter
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