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An iron-impregnated chitosan granular adsorbent was newly developed to evaluate its ability to remove
arsenic from water. Since most existing arsenic removal technologies are effective in removing As(V)
(arsenate), this study focused on As(III). The adsorption behavior of As(Ill) onto the iron-impregnated chi-
tosan absorbent was examined by conducting batch and column studies. Maximum adsorption capacity
reached 6.48 mgg~! at pH=8 with initial As(Ill) concentration of 1007 wgL~'. The adsorption isotherm
data fit well with the Freundlich model. Seven hundred and sixty eight (768) empty bed volumes (EBV) of
308 wg L' of As(Ill) solution were treated in column experiments. These are higher than the empty bed
volumes (EBV) treated using iron-chitosan composites as reported by previous researchers. The investi-
gation has indicated that the iron-impregnated chitosan is a very promising material for As(IlI) removal

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Arsenic, resulting from industrial and mine waste discharges
or from natural erosion of arsenic containing rocks, is found in
many surface and ground waters [1]. Common chemical forms
of arsenic in the environment include arsenate (As(V)), arsenite
(As(III)), dimethylarsinic acid (DMA), and monomethylarsenic acid
(MMA). Inorganic forms of arsenic (As(V) and As(IIl)) are more toxic
than the organic forms [2]. Arsenite can be predominant in ground-
water with low oxygen levels and is generally more difficult to be
removed than arsenate [3]. Due to the negative impacts of arsenic
on human health that range from acute lethality to chronic and car-
cinogenic effects, the U.S. Environmental Protection Agency revised
the maximum contaminant level (MCL) of arsenic in drinking water
from 50 to 10 wgL~! [4]. This new regulation has posed a chal-
lenge for the research of new technologies capable of selectively
removing low levels of arsenic.

Existing technologies that are being used for arsenic removal
include precipitation [5], membrane separation, ion exchange, and
adsorption [6-9]. While these approaches can remove arsenic to
below 10 wgL~-! under optimal conditions, most of the systems
are expensive, not suitable for small communities with limited
resources. Of these methods, much work has been done on arsenic
removal through adsorption because it is one of the most effec-
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tive and inexpensive methods for arsenic treatment [7]. Therefore,
development of highly effective adsorbents is a key for adsorption-
based technologies.

Several iron(IIl) oxides, such as amorphous hydrous ferric oxide
[5] and crystalline hydrous ferric oxide [10] are well known for their
ability to remove both As(V) and As(III) from aqueous solutions. In
general, arsenate is more readily removed by ferric (hydr)oxides
than arsenite [11]. Reported mechanisms for arsenic removal
include adsorption onto the hydroxide surfaces, entrapment of
adsorbed arsenic in the flocculants, and formation of complexes
and ferric arsenate (FeAsOg4) [12]. The presence of other anions
such as sulfate, chloride, and in particular, silicates, phosphate, and
natural organic matters, can significantly affect arsenic adsorption
[13-15]. The use of iron (hydr)oxides in fine powdered or amor-
phous forms was found to be effective for arsenic removal, but the
process requires follow-up solid/water separation. For packed-bed
adsorption systems, high-efficient granular forms of adsorbent are
essential.

Recently, several iron based granular materials and processes
have been developed for arsenic removal. Dong et al. [16] devel-
oped iron coated pottery granules (ICPG) for both As(Ill) and
As(V) removal from drinking water. The column tests showed
that ICPG consistently removed total arsenic from test water to
below 5 wgL-! level. In another study, Gu et al. [17] used iron-
containing granular activated carbon for arsenic adsorption. This
iron-containing granular activated carbon was shown to remove
arsenic most efficiently when the iron content was approximately
6%. Viraraghavan et al. [ 18] reported a green sand filtration process
and found a strong correlation between influent Fe(Il) concen-
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tration and arsenic removal percentage. The removal percentage
increased from 41% to above 80% as the ratio of Fe/As was increased
from O to 20. Granular ferric hydroxide (GFH), another iron based
granular material, showed a high treatment capacity for arsenic
removal in a column setting before the breakthrough concentration
reached 10 wgL~! [19]. It was found that complexes were formed
upon the adsorption of arsenate on GFH [20]. Selvin et al. [21] con-
ducted laboratory-scale tests over 50 different media for arsenic
removal and found GFH with a particle size of 0.8-2.0 mm was the
most effective one among the tested media. However, some disad-
vantages with GFH exist, including quick head loss buildup within
2 days because of the fine particle size, and significant reduction
(50%) in adsorption capacity with larger sized media (1.0-2.0 mm).

Chitin and its deacetylated product, chitosan, are the world’s
second most abundant natural polymers after cellulose. These
polymers contain primary amino groups, which are useful for
chemical modifications and can be used as potential separa-
tors in water treatment and other industrial applications. Many
researchers focused on chitosan as an adsorbent because of its non-
toxicity, chelating ability with metals, and biodegradability [22].
Several studies have demonstrated that chitosan and its deriva-
tives could be used to remove arsenic from aqueous solutions
[23,24].

Based on the fact that both iron(IIl) oxides and chitosan exhib-
ited high affinity for arsenic, this study focused on examining the
effectiveness of an iron-impregnated chitosan granular adsorbent
for arsenic removal. Most arsenic removal technologies are more
effective for removing arsenate than for arsenite [12]. We found
in this study that the iron-impregnated chitosan was effective for
arsenite removal from experiments in both batch and column set-
tings.

2. Experimental
2.1. Preparation of iron-chitosan beads

The experimental procedure for the preparation of iron-chitosan
beads was described in detail by Vasireddy [25]. To summarize,
approximately 10 g of medium molecular weight chitosan (Aldrich
Chemical Corporation, Wisconsin, USA) was added to 0.5L of 0.01 N
Fe(NO3)3-9H, 0 solution under continuous stirring at 60 °C for 2 h to
form a viscous gel. The beads were formed by drop-wise addition
of chitosan gel into a 0.5M NaOH precipitation bath under room
temperature. Maintaining this concentration of NaOH was critical
for forming spherically shaped beads [25]. The beads were then
separated from the 0.5 M NaOH solution and washed several times
with deionized water to a neutral pH. The wet beads were then
dried in an oven under vacuum and in air. The final iron content of
the chitosan bead was about 8.4%.

2.2. Arsenic measurement

An atomic absorption spectrometer (AAS) (Thermo Electron
Corporation) equipped with an arsenic hollow cathode lamp was
employed to measure arsenic concentration. An automatic inter-
mittent hydride generation device was used to convert arsenic in
water samples to arsenic hydride. The hydrides were then purged
continuously by argon gas into the atomizer of an atomic absorption
spectrometer for concentration measurements.

As(III) stock solution (1000 mg L~1) was prepared by dissolving
1.32 g of As,03 (obtained from J.T. Baker) in distilled water con-
taining 4 g NaOH, which was then neutralized to pH about 7 with
1% HCl and diluted to 1L with distilled water. All the working solu-
tions were prepared with standard stock solution. To 50 mL of each
sample solution (i.e., reagent blank, standard solutions, and water

samples), 5mL 1% HCl and 5 mL of 100 g L~ Nal solution were used
to convert arsenic in water samples to arsenic hydride.

2.3. Arsenic adsorption experiments

Each arsenic solution (100mL) of desired concentration was
mixed with the iron-chitosan beads in a 250 mL conical flask. The
solution pH was adjusted with 0.1 M HCl or 0.1 M NaOH to obtain
the desired pHs. A pH buffer was not used to avoid potential com-
petition of buffer with As(Ill) sorption. One sample of the same
concentration solution without adsorbent (blank), used to estab-
lish the initial concentration of the samples, was also treated under
same conditions as the samples containing the adsorbent. The solu-
tions were placed in a shaker for a fixed amount time, followed by
filtration to remove the adsorbent. The filtrate was then analyzed
for the final concentration of arsenic using the atomic absorption
spectrometer. The solid phase concentration was calculated using
the following formula:

_ G-V
B M

where, g (g g~1) is the solid phase concentration, C; (wgL~1) is the
initial concentration of arsenic in solution, C; (gL~1) is the final
concentration of arsenic in treated solution; V (L) is the volume of
the solution, and M (g) is the weight of the iron-chitosan adsorbent.

q (1)

2.4. Kinetic experiments

Adsorption kinetics was examined with various initial concen-
trations at 25°C. The pH of the solutions was chosen at 8.0 for
optimal adsorption. The adsorbent loading for three different ini-
tial concentrations of 306, 584, and 994 wgL~! was all 0.2gL1.
A predetermined quantity of iron-chitosan adsorbent (20 mg) was
placed in separate conical flasks with pH-adjusted As(III) solution.
The conical flasks were covered with parafilm and placed in a shaker
(150 rpm), and sub-samples of the solutions were then removed
periodically and filtered prior to arsenic analysis.

To determine the reaction rate constants of arsenic adsorption
onto iron-chitosan, both the pseudo-first-order and pseudo-
second-order models were used. Kinetics of the pseudo-first-order
model can be expressed as [26]:

In(qe — qr) =1n qe — kqt (2)

where, ki (min—1)is the rate constant of pseudo-first-order adsorp-
tion, g; (mgg~1) is the amount of As(Ill) adsorbed at time t (min),
and qe (mgg~') is the amount of adsorption at equilibrium. The
model parameters k; and g. can be estimated from the slope and
intercept of the plot of In(ge — q¢) vs t. The pseudo-second-order
model can be expressed as follow [27]:

t t 1

t_t, 3
a  de kyq? (3)

where, ky (gmg~! min—1)is the pseudo-second-order reaction rate.
Parameters k, and ge can be estimated from the intercept and slope
of the plot of (t/q;) vs t.

2.5. Isotherm models

Adsorption isotherms such as the Freundlich or Langmuir mod-
els are commonly utilized to describe adsorption equilibrium. The
Freundlich isotherm model is represented mathematically as:

ge = keC/" (4)

where, ge (mgg~1) is the amount of As(Ill) adsorbed, Ce (ugL~1)
is the concentration of arsenite in solution (ngL-1), kf and 1/n
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Fig. 1. Scanning electron micrograph (SEM) of iron-chitosan bead.

are parameters of the Freundlich isotherm, denoting a distribu-
tion coefficient(Lg~1) and intensity of adsorption, respectively. The
Langmuir equation is another widely used equilibrium adsorption
model. It has the advantage of providing a maximum adsorption
capacity gmax(mgg~1) that can be correlated to adsorption proper-
ties. The Langmuir model can be represented as:

Ki.Ce

e =Qmaxm (5)

q
where, gmax(mgg=!) and K. (Lmg-!) are Langmuir constants
representing maximum adsorption capacity and binding energy,
respectively.

2.6. Column study

Column study was conducted to investigate the use of iron-
chitosan as a low-cost treatment technology for arsenite removal.
Experiments were conducted with a 12-mm-ID glass column
packed with 1.5 g iron-chitosan as a fixed bed. The influent solu-
tion had an inlet As(IIl) concentration of 308 wgL~! at pH 8, and
was passed the column at a flow rate of 25 mLh~!. Effluent solu-
tion samples were collected and analyzed for arsenic concentration
during the column test.

3. Results and discussion
3.1. Structure characterization of iron-chitosan beads

The prepared iron-chitosan beads were examined by scanning
electron microscope (SEM) (AMRAY 1600) for the surface morphol-
ogy. A working distance of 5-10 mm, spot size of 2-3, secondary
electron (SE) mode, and accelerating voltage of 20 keV were used
to view the samples. It can be seen from Fig. 1 that the beads are
porous in structure. X-ray Photoelectron Spectroscopy (XPS), a sur-
face sensitive analytic tool to determine the surface composition
and electronic state of a sample, was used in this study. In XPS
analysis, a survey scan was used to determine the elements exist-
ing on the surface. The high resolution utility scans were then used
to measure the atomic concentrations of Fe, C, N and O in the sam-
ple. Fig. 2 shows the peak positions of carbon, nitrogen, oxygen, and
iron obtained by the XPS for iron-chitosan beads. In Fig. 2, the car-
bon 1s peak was observed at 283.0 eV with a FWHM (full width at
maximum height) of 2.015. The Fe peak was observed at 730.0eV.
The N-1s peak for iron-chitosan bead was found at 398.0 eV (FWHM
2.00eV), which can be attributed to the amino groups in chitosan.

Fig. 2. XPS spectrum of iron-chitosan bead.

3.2. Effect of pH

The effect of pH on arsenite removal with the iron-chitosan
adsorbent was examined using100mL As(Ill) solution with an
initial concentration of 314ugL~! and a solid loading rate of
0.15gL-1. The solution pH was adjusted with 0.1 M HCI or 0.1 M
NaOH to obtain pHs ranging from 4 to 12. Lower pHs were avoided
because the acid environments could lead to partial dissolution
of the chitosan polymer and make the beads unstable [25,28].
The solutions were placed in a shaker (150 rpm) for 20 h at room
temperature (25 °C), followed by filtration to remove the adsor-
bent. The amounts of As(Ill) adsorbed, calculated using Eq. (1), are
presentinFig. 3. Under the experimental conditions, approximately
2.0mgg! of As(Ill) was adsorbed and that amount did not change
significantly in the pH range 4-9. However, when pH was higher
than 9.2, arsenite removal decreased dramatically with increasing
pH.

The results can be explained using arsenic chemical speciation
in different pH ranges [29]. Arsenite remains mostly as a neutral
molecule for pH<9.2, and negatively charged at pH>9.2. So at
pH >9.2, arsenite sorptionis less because of the unfavorable electro-
static interaction with negatively charged surfaces. This adsorptive
behavior is common for arsenite with other adsorbents [17,30]. Gu
etal. [17] reported that pH had no obvious effect on As(III) removal
in the range of 4.4-9.0, with removal efficiency above 95%. Another
study indicated that the uptake of As(Ill) by fresh and immobi-

Fig. 3. Arsenite removal of the iron-chitosan adsorbent (0.15gL-1!) as a function of
pH for initial arsenite concentration of 314 ugL—'at T=25°C.
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Fig. 4. Adsorption kinetics for different initial arsenite concentrations with iron-
chitosan adsorbent loading of 0.2 gL-! at pH=8 and T=25°C.

lized biomass was not greatly affected by solution pH with optimal
biosorption occurring at around pH 6-8 [30]. Raven et al. [11]
reported that a maximum adsorption of arsenite on ferrihydrite
was observed at approximately pH 9.

3.3. Kinetics of adsorption

Fig. 4 illustrates the adsorption kinetics for three different ini-
tial arsenite concentrations. More than 60% of the arsenite was
adsorbed by iron-chitosan within the first 30 min, then adsorption
leveled off after 2 h. Given the initial concentrations and adsorbent
loading, equilibrium was reached after about 2 h. The adsorption
capacity increased from 1.51 to 4.60mgg-' as the initial arsen-
ite concentration was increased from 306 to 994 wgL~1. The rapid
adsorption in the beginning can be attributed to the greater con-
centration gradient and more available sites for adsorption. This
is a common behavior with adsorption processes and has been
reported in other studies [31]. The sorption rate of As(IIl) on nat-
urally available red soil was initially rapid in the first 2h and
slowed down thereafter [32]. Elkhatib et al. [33] reported that
the initial adsorption was rapid, with more than 50% of As(III)
adsorbed during the first 0.5h in an arsenite adsorption study.
Fuller et al. [34] reported that As(V) adsorption onto synthesized
ferrihydrite had a rapid initial phase (<5 min) and adsorption con-
tinued for 182 h. Raven et al. [11] studied the kinetics of As(V)
and As(IIl) adsorption on ferrihydrite and found that most of the
adsorption occurred within the first 2 h. It has been reported that
arsenite forms both inner- and outer-sphere surface complexes
on amorphous Fe oxide [35]. Another possible adsorption mech-
anism is hydrogen bond formation between As(Ill) and chitosan
bead [24].

Figs. 5 and 6 illustrate model fits of the kinetic data for
the pseudo-first-order and pseudo-second-order kinetic models.
In general, the pseudo-second-order characterized the kinetic
data better than the pseudo-first-order model. Table 1 summa-

Table 1

Fig. 5. Adsorption kinetics of the iron-chitosan adsorbent (0.2 g L-1) for three initial
arsenite concentrations at pH=8 and T=25°C, and corresponding pseudo-first-
order models.

Fig. 6. Adsorption kinetics of the iron-chitosan adsorbent (0.2 g L-1) for three initial
arsenite concentrations at pH=8 and T=25°C, and corresponding pseudo-second-
order models.

rizes adsorption capacities determined from the model fits. It is
noted that the second order rate constant (k,) decreased from
3.19x 1072 to 1.15x1072g mg ' min~! as the initial concen-
tration increased from 306 to 994 pwgL-!. The initial rate (knq2)
increased from 8.48 x 102 to 27.97 x 102 with increasing initial
As(IIT) concentration. Because as initial concentration increased, the
concentration difference between the adsorbent surface and bulk
solution increased.

Jimenez-Cedillo et al. [36] investigated arsenic adsorp-
tion kinetics on iron, manganese and iron-manganese-modified
clinoptilolite-rich tuffs and concluded that the adsorption pro-
cesses could be described by the pseudo-second-order model.

Adsorption capacities and parameter values of kinetic models for three initial arsenite concentrations and iron-chitosan loading of 0.2 gL-! at pH=8.

Initial conc. (ugL~!)  Pseudo-first order

Pseudo-second order

ki x10% (min=') R Qeexp (MEE™')  Gecor (Mgg™") ki x10% (gmg'min~!) R? Geexp (MEE!)  Gecot (Mgg™")  kag? x 10°
306 2.63 098 151 1.24 3.19 099 151 1.63 8.48
584 2.38 096  2.90 2.30 131 099 2.90 3.19 13.28
994 2.37 093  4.60 3.26 1.15 099 4.60 493 27.97
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Fig. 7. Adsorption isotherms of the iron-chitosan adsorbent (0.2gL"!) for three
initial arsenite concentrations at pH =8, and corresponding isotherm models.

Thirunavukkarasu et al. [37] examined As(Ill) adsorption kinet-
ics with granular ferric hydroxide (GFH) and found that most
of As(Ill) adsorption onto GFH occurred at pH 7.6, with 68% of
As(Ill) removed within 1h and 97% removed at the equilibrium
time of 6h. Kinetic data fitted the pseudo-second-order kinetic
model well with a kinetic rate constant of 0.003gGFHh~! pg!
As, which is equivalent to 5.0 x 1072 gmg ! min~! [37]. In our
study, the kinetic rate constants were from 3.19x 1072 to
1.15x 1072 gmg~! min~!, which were smaller than using GFH.
This could be attributed to the differences in adsorbent parti-
cle size and initial arsenic concentrations between these two
studies.

3.4. Adsorption isotherms

Fig. 7 presents the adsorption isotherm data and two isotherm
models at pH 8. The maximum adsorption capacity was found
to increase from 1.97 to 6.48 mgg-! as the initial concentration
of As(Ill) increased from 295 to 1007 wgL~!. Maximum adsorp-
tion capacity reached 6.48 mg g~ with initial As(IIl) concentration
of 1007 ugL-'. Chen and Chung [24] reported that the adsorp-
tion capacity of As(Ill) was 1.83 mgAsg~! for pure chitosan bead.
This study confirmed that impregnating iron into chitosan could
significantly increase the As(Ill) adsorption capacity of the chi-
tosan bead. In another study, Driehaus et al. [19] reported that
the adsorption capacity could reach 8.5mgAsg-! of granular fer-
ric hydroxide (GFH). Model parameters and regression coefficients
are listed in Table 2. The Freundlich model agreed better with the
experimental data compared to the Langmuir model. The adsorp-
tion intensity (1/n) and the distribution coefficient (k) increased
as the initial arsenite concentration increased. This indicated the
dependence of adsorption on initial concentration. Low 1/n values
(<1) of the Freundlich isotherm suggested that any large change
in the equilibrium concentration of arsenic would not result in a
significant change in the amount of arsenic adsorbed. Selim and
Zhang [38] reported that adsorption isotherms of three differ-
ent soils for As(V) were better fit to the Freundlich model and

Table 2

Fig. 8. Breakthrough curve for an inlet arsenite concentration of 308 wgL-'at pH=8
for a column reactor packed with the iron-chitosan adsorbent.

adsorption intensity values ranged from 0.270 to 0.340. Salim
and Munekage [39] found that adsorptions of As(Ill) onto silica
ceramic were well fit by the Freundlich isotherm. Similarly low
1/n values for As(V) adsorption have been reported by others
[40].

3.5. Column study

Fig. 8 shows a breakthrough curve for an inlet arsenite con-
centration of 308 wgL~! at pH 8. The break point was observed
after 768 empty bed volumes (EBV) and adsorbent was exhausted
at 1400 bed volumes. In comparison, Boddu et al. [23] reported
that the break through point was about 40 and 120 EBV for As(III)
and As(V), respectively using chitosan-coated biosorbent. Gupta
et al. [41] conducted column tests using iron-chitosan compos-
ites for removal of As(Ill) and As(V) from arsenic contaminated real
life groundwater. Their result showed that the iron-chitosan flakes
(ICF) could treat 147 EBV of As(Ill) and 112 EBV of As(V) spiked
groundwater with an As(Ill) or As(V) concentration of 0.5mgL~!.
Given the difference of the initial concentrations between the two
studies, the numbers of EBV were lower than what we found in this
study. This can be partially attributed to the difference of the water
constituents in the real grounder water used in the previous study
[41].

Gu et al. [17] examined the arsenic breakthrough behaviors for
an As-GAC sample prepared from Dacro 20 x 40 LI with an inlet
concentration of 56.1 wgL~! As(Ill). Their results demonstrated
that the adsorbent could effectively remove arsenic from ground-
water in a column setting. Dong et al. [16] also reported that
average removal efficiencies for total arsenic, As(III), and As(V) for
a 2-week test period were 98%, 97%, and 99%, respectively, at an
average flow rate of 4.1Lh~! and Empty Bed Contact Time (EBCT)
>3 min.

Values of the Freundlich and Langmuir isotherm model parameters for three arsenite concentrations with iron-chitosan loading of 0.2 gL' at pH 8.

Initial concentration (ugL™1) Freundlich parameters

Longmuir constants

kf (Lgil) ]/n R? (Jmax (mggil) Ki (ngil) R?
295 0.59 0.24 0.98 2.00 0.12 0.98
596 0.64 0.26 0.95 2.82 0.07 0.94
1007 0.74 0.33 0.99 6.82 0.01 0.95
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4. Conclusions

Overall, the study has demonstrated that iron-impregnated chi-
tosan can effectively remove As(Ill) from aqueous solutions under
a wide range of experimental conditions and removal efficiency
depends on various factors including pH, adsorption time, adsor-
bent loading, and initial concentration of As(Ill) in the solution.
Results from the kinetic batch experiments indicated that more
than 60% of the arsenic was adsorbed by the iron-chitosan within
30 min of adsorption. Kinetic results fit the pseudo-second-order
model well. The second order reaction rate constants were found to
decrease from3.19 x 1072t01.15 x 10~2 gmg~! min~! as the initial
As(Ill) concentration increased from 306 to 994 ugL-!. Adsorp-
tion isotherm results indicated that maximum adsorption capacity
increased from 1.97 to 6.48 mgg~! at pH=8 as the initial concen-
tration of As(Ill) increased from 0.3 to 1mgL-!. The adsorption
isotherm data fit well to the Freundlich model. Column experi-
ments of As(IIl) removal were conducted using 12-mm-ID column
at a flow rate of 25 mLh~! with an initial As(Ill) concentration of
308 gLl

This study corroborates that impregnating iron into chitosan
can significantly increase As(Ill) adsorption capacity of the chitosan
bead. Advantages of using the iron-impregnated chitosan include
its high efficiency for As(Ill) treatment and low cost compared with
the pure chitosan bead. We expect that the iron-impregnated chi-
tosan is a useful adsorbent for As(Ill) and could be used both in
conventional packed-bed filtration tower and Point of Use (POU)
systems. The possible concerns include the physicochemical sta-
bility of the adsorbent because of the biodegradable nature of the
chitosan material. Further research is underway to examine the
adsorbent stability and whether the iron-impregnated chitosan can
maintain its capability after several regeneration and reuse cycles.
Competing adsorption of other ions will also be examined.
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