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Removal of aqueous arsenic using abundant boehmite coated zeolite
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ABSTRACT

The potential use of synthetic boehmite coated zeolites for the removal of arsenic from water has been
investigated. The boehmite coated zeolite was characterized by scanning electron microscopy and
X-ray diffraction. The mechanism of aqueous arsenic adsorption was revealed. Additionally, experi-
ments were conducted to examine the extent of arsenic removal as a function of pH, adsorbents dose,
coexisting ions. The adsorption behavior followed the Langmuir isotherm model. The kinetic process
of adsorption was well fitted with the Elovich equation. The boehmite coated zeolite showed great

performance on the aqueous arsenic removal.
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1. Introduction

Arsenic is one of the contaminants found in the environ-
ment which is notoriously toxic to plants, animals, and human
beings. Arsenic aqueous contamination is usually caused by
mining activity, combustion of fossil fuels, and the use of arsen-
ical pesticides and herbicides [1,2]. Generally, inorganic arsenic
is mostly found in natural environment, especially inorganic
arsenate and arsenite, referred to As(V) and As(III) which were
most common in natural waters [3]. Although As(V) tends to
be less toxic compared with As(III), As(V) ions were thermody-
namically more stable under normal conditions and cause the
major contamination in aqueous environment [4]. Hence, the
As(V) removal from aqueous environment such as drinking
water becomes urgent on behalf of human health [5].

Numerous treatment efforts have been made to treat the
aqueous arsenic contamination such as redox processes [6,7],
precipitation [8], adsorption [9], solvent extraction [10], ion
exchange [11]. Among these methods, adsorption technique
is generally considered as a promising method, because the
adsorbent could be easily removed from aqueous media
after treatment [12-14]. So far, various adsorbents for arse-
nic removal have been developed such as metal-loaded coral
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limestone [15], alginate beads [16], hematite and feldspar
[17], sandy soils [18,19], coal fly ash [20], activated carbon
[21,22], activated alumina [23], silica gel [24], etc. [25,26].
However, natural adsorbents were not quite efficient for
arsenic removal and synthetic adsorbents usually need com-
plex preparation procedures with quite high cost. Hence,
developing adsorbents with easy making and high efficiency
has attracted much attention to facilitate the arsenic removal
using the adsorption process. Zeolite has the advantage of
low cost, simple preparation, easy for surface modification,
and no secondary pollution. Alswat et al. [27] found that zeo-
lite modified with copper oxide and iron oxide has remark-
able adsorption ability for arsenic and lead. Awuah et al. [28]
reported a theoretical study in which arsenic immobilization
is showed to depend on Si/Al ratio in the AI(III)-modified
zeolite. As a non-traditional mineral resource, the research on
zeolite has received wide attention. However, it is necessary
to improve the adsorption capacity and stability of zeolite
modified by a kind of low-cost method.

In the present study, a new adsorbent, boehmite coated
zeolite, has been synthesized and investigated for the As(V)
removal from aqueous solution. During the process of the
immobilization of boehmite on zeolite surface, the aluminifer-
ous compounds such ashydroxyl group (AIOOH) and alumina
species (ALO,) would be coated on the surface as the activated
adsorption site for adsorption of arsenic. Pseudoboehmite is
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a low-cost alumina precursor and a hydrated aluminum oxy-
hydroxide (AIOOH), which can be easily synthesized and dis-
persed on the surface of porous zeolite [29]. Based on these
advantages, the boehmite coated zeolite was prepared by
treating zeolite with pseudoboehmite suspension instead of
boehmite for their similar chemical composition and charac-
terized as an adsorbent. Batch experiments were performed to
evaluate the arsenic removal property of the boehmite coated
zeolite under different operational conditions. The adsorption
isotherm models and kinetic processes were calculated and
discussed to assess the present system.

2. Materials and methods
2.1. Materials

Natural zeolite (200 mesh) was used as received.
Analytical reagent grade chemicals were used for the prepa-
ration of all solutions with deionized water. Stock solution
of As(V) (500 mg/L) was prepared by dissolving disodium
hydrogen arsenate in deionized water and further diluted
to suitable concentration before use. Arsenic in solution was
determined by an AFS-230E atomic fluorescence spectrome-
try. Calibration standards are prepared using standard solu-
tions certified by the supplier.

2.2. Preparation of samples

Natural zeolite and water with proper mixture ratio
were mixed together and grounded into fine powder with
pore-forming agent (polyethylene particle, 2-3 mm) in a mor-
tar. The well-mixed powder was calcined at 110°C for 2 h.
The result solid was grounded into powder again and cal-
cined at 1,150°C for 3 h to achieve the mesoporous zeolite.
The zeolite was then ultrasonic treated to remove some pres-
ent small species on the surface and in the cavity. The treated
zeolite was mixed with pseudoboehmite suspension at 60°C
for 30 min. Then the solid was centrifuged to remove excess
pseudoboehmite on the surface and dried at 110°C for 2 h.
Finally, the dried samples were calcined at proper tempera-
ture to give the boehmite coated zeolite.

2.3. Characteristics of samples

The surface of the prepared zeolite was characterized by
a Hitachi S-4800 scanning electron microscopy (SEM). X-ray
diffraction (XRD) pattern of the prepared zeolite particles
was analyzed by a X'Pert PRP MPD multi-purpose X-ray
diffractometer. The surface potential was estimated by using
batch equilibrium techniques. 0.1 g of adsorbent was treated
with 0.05 M NaClO, solution which was used as an inert elec-
trolyte. The initial pH values are adjusted in the range of 4-9
by adding minimum amounts of 0.1 M NaOH or 0.1 M HCI
solutions. The suspensions are allowed to equilibrate for 72 h
in a rotary shaker at room temperature. After completion
of equilibration time, the mixtures are filtered and poten-
tial of the filtrates is measured. The adsorption experiment
was repeated for seven stock solutions with different initial
pH levels varying from 4 to 9. After 3 h of adsorption, the
removal efficiency of arsenic was calculated. The adsorption
kinetic study was carried out at pH 4 and 9. The initial con-
centration of arsenic was 1 mg/L. To investigate the effect

of coexisting anions, sodium chloride, sodium sulfate, and
monopotassium phosphate were chosen and added to the
arsenic solution. A mass of 2 g of boehmite coated zeolite was
mixed with 100 mL of arsenic solution. The mixtures were
shaken with an over-head shaker for 3 h and centrifuged.
Then the arsenic concentration in supernatant was analyzed.

3. Results and discussions
3.1. Characterization of boehmite coated zeolite

The prepared zeolite was modified by loading with var-
ious amounts of pseudoboehmite via a wet-impregnation
method. Fig. 1 shows the SEM micrographs of the raw zeo-
lite (a), boehmite coated zeolite (b) and (c), and over-loaded
sample (d), respectively. It was clearly shown that there were
many microcavities in the sample (a) which contributed to
high surface area, and some of them remained in the sample
(b) after the boehmite was coated on the surface of zeolite.
Sample (c) showed in detail highly boehmite coverage with
many flaws on the surface which increases the effective sur-
face area. However, too much boehmite loaded on the sur-
face of sample (d) decreased the stability of coating which
will leak boehmite species.

The structure and properties of the coated boehmite spe-
cies play an important role in the adsorption properties of
modified zeolite. XRD patterns of prepared boehmite coated
zeolites were illustrated in Fig. 2. The structure of boehmite
species changed with the calcination temperature on the
preparation processes. The sample treated at 350°C showed
major peaks at about 20 = 14.5°, 28.2°, 38.4°, and 49.2° which
attributed to the (020 reflection), (021), (130), and (150/002
doublet) crystal phase of boehmite, respectively [30]. In
addition, the size of boehmite species could be calculated as
3.7 nm from XRD data. The samples treated at 450°C pre-
sented as activated alumina with two characterized XRD 20
peaks at ca. 45° and 66°. Hence, high temperature resulted
in the transformation of coated hydroxyl group (AIOOH)
to alumina species (Al,O,) as shown in Eq. (1) [31]. During
the coating process, AIOOH molecule combined with the
oxygen-containing group on the surface of the zeolite by the
hydroxyl group. The chemical bond would be reinforced and
a stabilized boehmite coated zeolite would be obtained by
calcining at a proper temperature. The content of hydroxyl
group in boehmite is greater than alumina when the boehmite
coated zeolite was calcined at 350°C.

350°C 450°C

Pesuoboehmite - AIOOH — AlO, 1)

As(V) mainly exists in the form of H/AsO, (pH < 2),
H,AsO,” (2 < pH <7), and HAsO* (pH > 7). AsO,* hardly
ever exists even in the aqueous solution pH is closed to 14.
Hydroxide anion could be replaced by the As(V) ion with dif-
ferent hydrochemical speciation in aqueous solution, which
can be described as follows:

Al(OH); + H,AsO, — AIO,HAs(OH), )

Al(OH), + HAsO;” — AlO,As(O)OH" 3)
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Fig. 1. SEM micrographs of raw zeolite and boehmite coated zeolites: (a) raw zeolite; (b) and (c) modified zeolite; (d) over-loaded zeolite.
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Fig. 2. XRD patterns of boehmite coated zeolite treated at differ-
ent temperature: above red line 450°C; below black line 350°C.

As arsenic adsorption via anion exchange, the hydroxyl
group in boehmite may play a crucial role in the removal of
arsenic from aqueous environment. The adsorption of As(V)
onto boehmite coated zeolite occurred by ligand exchange
reactions, and most of the hydroxide groups were involved
in ligand exchange reactions. Hydroxyl group coated zeolites

showed better arsenic adsorption performance compared
with alumina modified one.

3.2. Surface potential of boehmite coated zeolite

The acid-base properties of boehmite coated zeolites
are important when they are used as adsorbents for arsenic
removal. One parameter for characterization of adsorbents’
acid-base properties is their surface potential. A plot of
potential of filtered solution after equilibrium as a function of
initial pH values provides surface potential of the adsorbents
as shown in Fig. 3. The zero point surface potential values of
the boehmite coated zeolite presented at pH 9. Due to arsenic
species present as anion in solutions, pH below zero point
surface potential favored the adsorption of arsenic anion on
adsorbents. At pH 5.5, the surface potential was the most
positive which indicated that boehmite coated zeolite had
strong adsorption capacity for arsenic anion.

3.3. Effect of solution pH on arsenic adsorption

From the view of surface potential, when pH value was
less than 9, the adsorption of arsenic was favorable. In this
pH range, the dependence of removal percentage for As(V)
upon pH of the aqueous solution was shown in Fig. 4. At
pH of 5.5, the most efficient arsenic removal efficiency was
achieved, due to the strongest acid of the surface of boehmite
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Fig. 3. Relationship of surface potential of adsorbent and solu-
tion pH values.
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Fig. 4. The effect of solution pH on the adsorption of arsenic onto
boehmite coated zeolite.

coated zeolite. When pH value of solution was more than 5.5,
the removal efficiency for arsenic slightly decreased with the
increase of pH value. The surface charge of modified zeolite
was changed by deprotonation and protonation reactions of
boehmite. Also As(V) was an oxyanion and the hydrochem-
ical speciation of As(V) was affected by the pH value. As a
result, adsorption of As(V) highly depends on the solution
pH. Under acidic condition, surface charge became more
positive, because of the protonation of the modified zeolite,
which provided more adsorption sites for arsenic. However,
in a strong acidic solution with pH below 5.5, As(V) competed
with hydrogen ions for the adsorption onto modified zeo-
lite which attributed to the decreased As(V) removal. It was
clearly shown that arsenic could be effectively absorbed by
boehmite coated zeolite in a wide pH range. With the increase
of pH, the zeolite surface became negatively charged and elec-
trostatic repulsion between zeolite and arsenic resulted in a
decrease of adsorption.
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Fig. 5. The effect of sulfate (triangle), chloride (square) anion
(a) and phosphate anion (b) on arsenic removal.

3.4. Influence of coexisting anion on arsenic sorption

Fig. 5 showed the influence of coexisting anions upon
the adsorption capacity of As(V). The addition of chloride,
sulfate ions hardly affected the As(V) adsorption, while
the adsorption was significantly depressed by the addition
of phosphate ion. The coexistence of phosphate decreased
adsorption capacities of boehmite coated zeolite for arsenic,
because arsenic ions competed with phosphate ions for the
adsorption onto boehmite coated zeolite. The presence of
phosphate reduced the adsorption efficiency of boehmite
coated zeolite for arsenic from 75% to 38% with the increase
of phosphate ion concentration from 0 to 10 mg/L in the
parallel experiments. This result was ascribed to the similar
chemical ligand structure in the adequate range of pH values
between phosphate and arsenate [32].

3.5. Adsorption isotherm study

It is suggested that the As(V) adsorption mostly occurs
at active sites on boehmite species deposited on the surface
and/or in the cavity of modified zeolite by loading treatment.
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The As(V) adsorption could be enhanced with increas-
ing the amount of these active sites which is dependent on
the effective surface area of the bound aluminum species.
Concentration dependence of As(V) adsorption on boehmite
modified zeolite is depicted in Fig. 6. The equilibrium data
obtained from the adsorption of arsenic on boehmite coated
zeolite over the different initial arsenic concentrations were
correlated with the Langmuir monolayer isotherm model.
The model is based on some assumptions which include
metal ions were chemically adsorbed at a fixed number of
well-defined sites, each site can hold only one ion, all sites are
energetically equivalent, and there is no interaction between
the ions. The Langmuir linearized isotherm is given by the
following equation:

C,/Q,=b/Q,+C./Q, (4)

where Q, (mg/L) is milligrams of arsenic adsorbed per gram
of adsorbent, C, (mg/L) is arsenic concentration in equilibrium
solutions, Q  (mg/g) and b (mg/L) are Langmuir constants
related to sorption capacity and sorption energy, respectively.
A good linear plot is obtained by plotting C/Q, against C, for
boehmite coated zeolite. Q  values computed from slope of
plot were 0.82 mg/g for boehmite coated zeolite.

Table 1 shows some natural adsorbents that are low
cost and modified simply for arsenic removal. Compared
with Fe-modified coal fly ash and chestnut shell, boehmite
coated zeolite had a similar adsorption capacity but with
the advantages of simple preparation and nil secondary
pollution. Boehmite coated zeolite also exhibited higher
adsorption ability than other natural adsorbents showed in
Table 1.

3.6. Adsorption kinetics

Time dependence of As(V) adsorption on boehmite
coated zeolite was presented in Fig. 7. These experi-
ments were carried out to find out the equilibrium time
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Fig. 6. Langmuir plots of arsenic adsorption onto boehmite
coated zeolite (R*=0.9941).

of adsorption and adsorption kinetics. In the present sys-
tem, the rate of As(V) removal was quite rapid. About 60%
of the arsenic species could be removed within first 30 min.
The adsorption equilibrium time for arsenic onto boehmite
coated zeolite lay in the range of 60 min. Thus it indicates
that the adsorption kinetic of As(V) on boehmite modified
zeolite accomplished in two stages. The first stage was the

Table 1

Adsorption capacity of different adsorbents for arsenic removal
Adsorbent Adsorption Reference

capacity (mg/g)
Granulated ferric oxide 0.35-1.63 [17]
medium
Iron-modified alumina/silica 2.11 [20]
oxide hydrate from coal fly ash
FeCl,-modified chestnut shell 0.885 [25]
Wheat straw modified with 0.12 [26]
sodium bicarbonate
Boehmite coated zeolite 0.82 This
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Fig. 7. Time dependence of arsenic ion adsorption onto boehmite
coated zeolite. (a) Time courses and (b) kinetic study.
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immediate uptake of arsenic within first 30 min which was
followed by the steady stage of solute removal. Therefore,
to elucidate the adsorption mechanism, an Elovich equation
was used as the fitting kinetic model to the experimental
results (Fig. 7(b)).

Q,=a+bxIn(t) (5)

where Q (mg/g) is the equilibrium amount of As(V) uptake;
a is the initial adsorption rate, ¢t (min) is the contact time, b
is a constant. The fitting equation could be described as
Q, = -0.0157 + 0.0103 x In(t) (R*= 0.9901). It showed that
the As(V) removal by boehmite coated zeolite was multi-
processes such as surface exchange, surface diffusion, pore
diffusion, and static electronic adsorption.

4. Conclusions

A new adsorbent for arsenic removal, boehmite coated
zeolite, was prepared and characterized. As(V) adsorption
onto boehmite coated zeolite followed the Elovich kinetic
equation and the adsorption mode was of a Langmuir iso-
thermal nature. In the batch experiments, arsenic was effi-
ciently removed within 30 min. The adsorption of As(V)
depended on the initial pH and favored in acidic and natural
solutions. Phosphate, coexisting ion, competitively adsorbed
onto boehmite coated zeolite with arsenic. The abundant
boehmite coated zeolite adsorbent showed great adsorption
capacity, reached to 0.82 mg/g, for the arsenic removal in a
wide optimum pH range.
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