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The presence of arsenate in drinking water causes adverse health effects including
skin lesions, diabetes, cancer, damage to the nervous system, and cardiovascular
diseases. Therefore, the removal of As (V) from water is necessary. In this work,
nanostructured adsorbent Fe,03/Al,0; was synthesized via the sol-gel method and
applied to remove arsenate from polluted waters. First, the Fe,0; load of the

Keywords: adsorbent was optimized. The Fe,03/Al,0; adsorbent was characterized by means of
Adsorption XRF, XRD, ASAP, and SEM techniques. The effects of the operating conditions of the
Arsenate batch process of As (V) adsorption such as pH, adsorbent dose, contact time, and
Fe203/Al,03

initial concentration of As (V) solution were studied, and optimized. The
thermodynamic study of the process showed that arsenate adsorption was
endothermic. The kinetic model corresponded to the pseudo-second-order model.
The Langmuir adsorption isotherm was better fitted to the experimental data. The
Fe,03/Al,03 adsorbent was immobilized on leca granules and applied for As (V)
adsorption. The results showed that the immobilization of Fe,0s/Al,0s on leca

Immobilization
Water treatment

particles improved the As (V) removal efficiency.

1. Introduction

Arsenic enters our water sources through the leaching of
soils and rocks, mining, smelting, disposal of industrial
wastewater, and pesticides [1,2]. High concentrations of
arsenic in drinking water is a serious problem in many
countries such as India, Bangladesh, Taiwan, Mongolia,
China, and Chile [3,4]. Exposure to arsenic causes diseases
such as skin, lung, and bladder cancers, gastrointestinal
disorders, and cardiovascular and cerebrovascular diseases
[1,4,5]. The World Health Organization (WHO) recommends
limiting arsenic concentration in drinking water to 10 pg/L
[4]. There are several methods for removing arsenic from
water such as adsorption, coagulation, precipitation,
membrane, and ion exchange. Among these methods,
adsorption is the most promising because of its low cost,
simple operation, and non-harmful by products [6]. Many
researches have focused on developing adsorbents to
efficiency remove arsenic from water. Jeong et al. [7]
compared iron and aluminum oxides as inexpensive
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adsorbents for As (V) removal and found that Fe,03; was a
better adsorbent than Al,0s. Savina et al. [8] studied the
removal of As (V) by applying iron nanoparticles embedded
with macroporous polymer composites. Chen et al. [9]
found that the high efficiency of As (V) adsorption on Ce-Fe
bimetal oxide was related to its adsorbent mesoporous
structure and abundant surface hydroxyl groups. Kong et al.
[10] studied the role of an adsorbent of magnetic nanoscale
Fe-Mn binary oxides loaded zeolites in the removal of
arsenic from water. In most of the works, the adsorbents
were in nano size powder forms which are difficult and
expensive to separate from treated water [11]. The
immobilization of adsorbent on substrate improves
adsorption efficiency makes adsorbent separation from
water easier in batch processes, and results in a lower
pressure drop in column processes [11]. Therefore, in this
work, the nanostructured Fe,0s/Al,03; was synthesized via
the sol-gel method and applied for the adsorption of As (V)
from water. Also, Fe,03/Al,03 immobilized on leca granules
was investigated for the adsorption of As (V) from water.
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2. Materials and methods

Aluminum isopropoxide (98%), iron (lll) nitrate (98%),
ethanol (98%), nitric acid (65%), sodium arsenate (98%), and
polyethylene glycol with a molecular weight of 2000 g/gmol
were purchased from Merck Company. The leca granules
were purchased from Leca Company (Iran).

2.1. Synthesis of Fe;03/Al,03

In order to prepare the Fe,03/Al,03, double distilled water
was added to aluminum isopropoxide, and hydrolyzed. The
molar ratio of aluminum isopropoxide to water was 1:100.
The mixture was stirred at a constant rate and heated to
85°C. Then, nitric acid was added to pepitize alumina sols.
The molar ratio of water to acid was 1:0.07. Then, iron (lll)
nitrate was added. The mixture was stirred at 85°C under
reflux for 24 h. The obtained gel was dried in an oven at
100°C for 12 h [12,13]. The dried gel was calcined at 400°C
for 2 h. The synthesized particles were crushed, and sieved
to the particles size of 60-90 um.

2.2. Immobilization on leca particles

Leca granules with diameters of 4 to 10 mm were used as
substrate. First, leca granules were cleaned for coating; so
they were placed in a beaker containing nitric acid (10 wt.%)
and exposed to ultrasonic waves for 30 min. Afterwards, the
leca particles were rinsed with double distilled water and
dried at 100°C in an oven for 24 h. The coating slurry was
prepared by mixing distilled water (70 mL), polyethylene
glycol (15 gr), nitric acid (1 g), and synthesized adsorbent (15
g). For 24 h, the mixture was stirred at a constant rate. The
leca granules were coated by the dip coating method. They
were immersed in the coating slurry, and then pulled out at
a constant speed. The coated particles were dried at 100°C
for 12 h [14]. Ultrasonic testing was used to examine the
adhesion of the adsorbent to the substrate. A certain
amount of coated granules was immersed in a beaker
containing water, then it was exposed to ultrasonic waves
for 30 min. The weight loss below 10% showed that the
adsorbent particles were well adhered to the leca substrate
[15]. The adsorbent was immobilized on the leca particles in
this way.

2.3. Characterization

An X-ray fluorescence (XRF) spectrometer of Philips PW
2404 was used to determine the elemental composition of
the adsorbent. The X-ray powder diffraction (XRD) analysis
was performed using an X’Pert MPD Philips spectrometer
with Co-k, irradiation. The data were collected at 0.2°/s of
scanning speed in the range of 10-80°. The specific surface
area and pore volume were measured by nitrogen
adsorption-desorption using an ASAP 2010 Micrometrics.
The sample morphology was observed by a MIRA3 field
emission scanning electron microscope from TESCAN.

2.4. Adsorption experiments of Fe;03/Al;03

The adsorbent dose of 1 g/L was added to 100 mL of
arsenate synthetic wastewater with the concentration of 50
mg/L. The mixture was stirred at room temperature (25°C)
for 12 h. Then, the mixture was centrifuged, and the
arsenate concentration of the solution was determined by
a Phoenix 986 atomic absorption spectrometer. The
efficiency of the arsenate removal was calculated through
Equation (1):

. Co—C¢
Removal efficiency % = 100 X (C—) (1)
f

where Co, and C; are the initial, and final concentration of
arsenate in the water solution; respectively.

2.5. Adsorption studies

Adsorption experiments were performed to understand the
behavior, nature, kinetics, and thermodynamics of the
process. The effect of temperature on the adsorption of As
(V) on Fe,03/Al,03 was examined. In Equation (2) [16,17]

- M (2)

K is the equilibrium constant; ge (mg/g) is equilibrium
adsorption capacity; Ce (mg/L) is the equilibrium
concentration of As (V) in the solution; and m is the
adsorbent mass.
In Equation (3) [16,17]:

AS AH

LogK=23R " 23RrT (3)

R is the universal gas constant, and 8.314 J/mol.K; T (K) is
temperature. K (equilibrium constant) was determined at
different temperature using Equation (2). AH (enthalpy) and
AS (entropy) can be determined from the slope
(-AH/2.3R) and intercept (AS/R) of the linear plot of Log (K)
versus 1/T.
From Equation (4) [16,17]:

AG=AH-TAS (4)

Gibbs free energies different
temperatures [16,17].

The pseudo-first-order and pseudo-second-order models
were employed to study the kinetics of the adsorption
process. The pseudo-first-order (Equation (5)) and pseudo-
second-order (Equation (6)) models are shown below
[6,18]:

were calculated at

k
Log(Q. — Qp) = LogQ. — mt (5)
t_ 1t
Q% k@ Q. (6)

where Q. (mg/g) is equilibrium adsorption capacity; Q:
(mg/g) is adsorption capacity at any time t (min); k; and k;
are rate constants of the pseudo-first-order and pseudo-
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second-order models; respectively. The Langmuir and
Freundlich isotherm models were used for fitting of the
experimental data. The Freundlich isotherm is expressed as
follows [18]:

1
Logq = HLogCe + LogKpg (7)

where n is a constant related to the adsorption energy; K¢
Ke (mgl-i/nLi/n/g) is a constant related to adsorption
capacity.
The Langmuir isotherm model is shown below [18]:

1 1 1

- = + —
d dmbCe aqm

(8)

where g is the maximum adsorption capacity; b (L/g) is a
constant related to the adsorption energy; q (mg/g) is the
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As (V) concentration in the solid adsorbent; and C is the As
(V) concentration in the solution (mg/L).

3. Results and discussion
3.1. Characterization

XRF spectrometry was used to determine the adsorbent
composition. The composition of the optimized adsorbent
was determined as 37.6%Fe;03/62.4%Al,03. The X-ray
diffraction patterns of the Al,O3 and
37.6%Fe03/62.4%Al,0;5 synthesized adsorbents are shown
in Figure 1. The Al,03 XRD pattern show the formation of
amorphous alumina [19]. In the XRD pattern of Fe;03/Al,0s,
the peaks observed at 28.22°,38.77°,41.75°,47.945°,58.2°,
64.105°,74.345°, and 76.005° were related to the formation
of Fe,03 with rhombohedral lattice (JCPDS File No. 13-0534)
[20,21].
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Fig.1. XRD pattern of Al,0; and Fe,03/Al,03 adsorbents
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Fig. 2. (A) Liquid nitrogen adsorption/desorption isotherm of 37.6%Fe,03/62.4%Al,0s; (B) Pore size distribution of

37.6%Fe,05/62.4%Al,03 based on BJH desorption model

Figure 2(A) displays nitrogen adsorption/desorption
isotherms of the 37.6%Fe,03/62.4%Al,03 adsorbent which
is a mesopore of type IV according to the IUPAC

classification. The hysteresis loop is type H2, showing pores
with large bodies and small mouths. Figure 2 (B) shows the
pore size distribution in the range of 2-100 nm which is
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unimodal with a peak at 3.1 nm [22]. The specific surface
area, total pore volume, and average pore diameter were
determined as 269.151 cm?/g, 0.260451 cm3/g, and 3.9565
nm, respectively, based on the BJH desorption model. The

)

152 = 29” nm

D5 =9.60nm
-

~

D4 = 17.49 nm

» /D1 =22.08 nm

-

D7=98.74 nm

D6 =9.86 nm

EN
»

MIRA3 TESCAN

SEM HV: 20.0 kV WD: 6.42 mm
View field: 1.34 pm Det: SE
SEM MAG: 207 kx  Date(m/dly): 05/30/15

HEERENEE
200 nm

Kurdistan University

Fig. 3. SEM images of 37.6%Fe,03/62.4%Al,03 adsorbent

3.2. Optimization of the adsorbent

The Fe,03/Al,03 adsorbents with different amounts of iron
were synthesized and applied for the adsorption of As (V)
from synthetic wastewater. Figure 4 shows the removal of
As (V) with different amounts of iron in Fe;03/Al,03
adsorbents. Arsenic adsorption increased with the increase
of Fe,03 content from 0 to 37.6% by weight. An increase of
Fe,05; content increased the active sites favored by As (V)
adsorption. However, the increase of Fe,03 over 37.6%
decreased As (V) adsorption. This could be related to the
agglomeration of active sites [6].

SEM images of the 37.6%Fe,03/62.4%Al,0; adsorbent are
shown in Figure 3 and dispersed nano size Fe,03 particles
are observed. The size of the Fe,03 particles are less than
100 nm.
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Fig. 4. The effect of Fe,03 content on As (V) removal; operating
conditions: As (V) initial concentration 50 mg/L, pH 6, adsorbent
dose 1 g/L, contact time 12 h
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3.3. Optimization of operating conditions
3.3.1. Effect of pH

The effect of pH on As (V) adsorption is shown in Figure 5
(A). In the pH range of 4 to 7, adsorption was nearly
constant. In the pH of 7, adsorption was 72.61%. This
amount dropped to 41.16% in the pH of 10. In the pH range
of 2 to 10, As (V) occurs in the forms of H,AsO,” and HAsO,>
[23]. The pH of zero point charge was 7. In pH<pHzpc, the
adsorbent is positively charged because of the high
concentration of protons in the solution and protonation.
The attractive columbic force between the positively
charged surface and negatively charged As (V) species led to
adsorption. In pH>pHzpc, the adsorption decreased due to
repulsive columbic force between the negatively charged
surface and As (V) ions as well as the competition for
adsorption between hydroxyl groups and As (V) species [23-
25].

3.3.2. Effect of adsorbent dose

The adsorption increased with increasing of the adsorbent
dose from 0.5 to 1 g/L (Figure 5 (B)). Increasing the available
active site and specific surface area improved the
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adsorption. The adsorption remained nearly constant due
to the agglomeration of adsorbent particles in the
adsorbent dose more than 1 g/L [26].

3.3.3. Effect of contact time

In the first 120 min of the adsorption reaction, the rate was
high, and then it became nearly constant (Figure 5(C)). In
the first 120 min of adsorption, 64% of the As (V) was
removed while in 720 min of adsorption, 74% of As (V) was
removed. This high rate of adsorption in the first minutes is
related to the large number of available surface sites. After
sometime, the adsorption rate declined and finally reached
equilibrium. The reason for the slow adsorption rate was
the small number of active sites. At this stage, the
adsorption reaction proceeded through the internal active
sites of the adsorbent [27].

3.3.4. Effect of arsenate initial concentration

Figure 5 (D) shows that increasing arsenate initial
concentration decreased adsorption. The saturation of the
available sites with increasing of the arsenate concentration
decreased the adsorption [27].
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Fig. 5. Effects of operating conditions on As (V) removal (A) pH, (B) adsorbent dose, (C) contact time, (D) As (V) initial concentration.
instead of; in the above figure, the operating conditions of As (V) initial concentration 50 mg/L, pH 6, adsorbent dose 1 g/L, and contact

time 12 h were constant unless their effect was investigated
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3.4. Thermodynamic, kinetics, and isotherms of adsorption

The results of the raising temperature showed slightly
increased As (V) adsorption on 37.6%Fe;03/62.4%Al,0s.
Equations (2) and (3) were used at different temperatures.
The AH was calculated (+65.96 kJ/mol) showing it was an
endothermic process. The AS was determined to be 228.87
J/mol presenting increased randomness at the interface of
the solid solution for As (V) adsorption. Gibbs free energies
were calculated at different temperatures by Equation (4)
which is shown in Table 1.

Table 1. Thermodynamic data for As (V) adsorption by 37.4%

Fe,03/62.6%Al,03; operating condition: As (V) initial concentration
50 mg/L, pH 6, adsorbent dose 1g/L, contact time 12 h

T(K) K AG AS (J/mol) AH
298 2.97 2.24 228.87 65.96
303 3.11 -3.39

313 5.13 -5.13

318 10.47 -10.47

The values of Gibbs free energies were negative indicating
the spontaneous process of As (V) adsorption [16,17]. The
mechanism of As (V) adsorption on the
37.6%Fe;03/62.4%Al,0; adsorbent was studied using
Equations (5) and (6). The determination factor R? of the
pseudo-second order model is larger than the pseudo-first-
order model (Table 2), so it can be concluded that the
kinetics obeyed the pseudo-second-order model and
chemisorption is the controlling step of the adsorption
[6,18]. The results of curve fitting are displayed in Figure
(6). Table 3 shows the determination factor R? for fitting the

experimental data of As (V) adsorption on alumina to
Freundlich and Langmuir isotherms. The larger
determination factor R% shows that adsorption followed the
Langmuir isotherm model. Similarly, Table 3 shows R?s for
the 37.6%Fe;03/62.4%Al,03 adsorbent. The Langmuir
isotherm model was better fitted to the experimental data
due to the larger R? compared with the Freundlich model.
For alumina maximum adsorption capacity, qm, was 40.65
mg/g and b was 0.0275 L/mg (Table 3). For the adsorbent
37.6%Fe,03/62.4%Al,03, qm was 74.6 mg/g and b was
0.0392 L/mg. The larger adsorption capacity indicates that
37.6%Fe;03/62.4%Al,03 is a more efficient adsorbent for

the removal of As (V) from water compared with alumina.
40 -

35 4 -
30
25
g‘g 20
£
& 15 ¢  experimental data
10 e pseudo-first-order model
5 = = = pseudo-second-order model
0 ‘ T T T T
0 200 400 600 800
Time (min)

Fig. 6. Kinetics of As (V) adsorption on 37.6%Fe;03/62.4%Al,03
adsorbent

Table 2. Kinetic parameters for As (V) adsorption by 37.6%Fe,03/62.4%Al,03 adsorbent

Pseudo-first-order model

Q. (mg/g) ki (mint) Qi (mg/g) R? Variance
37.01 0.0097 36.017 0.9468 10.87
Pseudo-second-order model
Q. (mg/g) ka Q; (mg/g) R? Variance
(g/mg.min)
37.01 0.0015 37.7 0.9989 1.53

Table 3. Isotherm model parameter for As (V) by Al,O3, 37.6%/Fe,03/62.4%Al,03; operating conditions: pH 6, adsorbent dose 1g/L,

contact time 12 h

Model Parameter Al,03 37.6%/Fe;03/62.4%Al,03

Freundlich equation Kr (mg™/nL¥n/g) 2.97 2.87
n 1.93 0.992

R? 0.9679 0.997

Variance 0.093 0.0743
Langmuir equation am (mMg/g) 40.65 74.6

b (L/mg) 0.0275 0.0392

R? 0.9769 0.999

Variance 0.0067 0.0052

3.5. Adsorption of immobilized adsorbent

The leca was coated by the 37.6%Fe;05/62.4%Al,03
adsorbent and applied for As (V) adsorption. The coating

layer load on leca particles was 4% by weight (Figure 7). The
calculation of the immobilized adsorbent dose according to
its load is given in the caption of Figure 7. The adsorption of
As (V) improved using immobilized adsorbent on leca
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granules due to increasing available surface area. In the
batch process, the immobilized adsorbent on the leca
granules separated more easily from water. In the column
process, the leca granules increased the porosity of the bed
and decreased the pressure drop.
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Fig. 7. As (V) adsorption on different adsorbents (A) leca, (B)
alumina, (C) 37.6%Fe,03/Al,03, (D) coated leca; operating
conditions: As (V) initial condition 50 mg/L, pH 6, contact time 12
h, adsorbent dose (A) 50 g/L, (B) 1 g/L, (C) 1g/L, (D) 50 g/L
(50 g of coated leca X (4 g coating layer)/

(100 g of coated leca) X 1/2 = 1 g of 37.6%Fe, 03/
62.4%A1,05), the ratio of 37.6%Fe,03/62.4%Al,03 to
polyethylene glycol+ 37.6%Fe,03/62.4%Al,03 in coating slurry was
1/2, so in our calculation we multiplied the result by 1/2.

Table 4 shows the results of fitting Langmuir and Freundlich
isotherms to the experimental data for the immobilization
of 37.6%Fe;03/62.4%Al,03 on leca particles (coated leca).
The larger R? reveals that Langmuir isotherm model fitted
the experimental data better. The results of this work are
compared with other literature works in Table 5. It is clear
that the best adsorption capacity belonged to
37.6%Fe;03/62.4%Al,03 on leca. The adsorption capacity of
37.6%Fe;03/62.4%Al,0;5 was also good. These results
suggest that the Fe-Al binary metal adsorbent prepared
with the proposed method as well as coating it on a
substrate like leca can be very efficient for the removal of
As (V) from water.

Table 4. Isotherm model parameter for As (V) adsorption by
coated leca; operating conditions: pH 6, adsorbent dose 1g/L,
contacttime 12 h

Model Parameter coated leca

Freundlich equation Kr (mg™/nL¥n/g) 2.094

n 0.678

R? 0.776

Variance 0.429
Langmuir equation dm (mMg/g) 125
b (L/mg) 0.1

R? 0.999

Variance 0.0313

Table 5. Comparisons of As (V) adsorption capacities of different
adsorbents

Adsorption
No. Adsorbent capacity Reference
(mgg)
1 Al,03 0.17 (7]
Fe,03 0.66 [7]
Iron oxide particles-
3 embedded macroporous 91.74 [9]
polymers
4 Fe-Al doub.le hydrous 21 [11]
oxide
Cryogel embedded with
5 Fe-Al double hydrous 24.6 [11]
oxide
6 Ni-Fe binary oxide 90.1 [29]
7 Iron-ziconia coated sand 45.05 [28]
8 Al,O; 40.65 present
work
10 37.6%Fe;05/62.4%A105 74.6 present
work
1 37.6%Fe;03/62.4%Al,03 125 Present
coated on leca work
Conclusions

The Fe;03/Al,03 adsorbent was synthesized using
aluminum isopropoxide and iron (lll) nitrate as precursors
via the sol-gel method. The synthesized adsorbent was used
for the adsorption of As (V) from water. The load of iron
oxide of the adsorbent was optimized and the XRF results
determined the composition of the adsorbent
37.6%Fe;03/62.4%Al,0;. The XRD results showed the
formation of hematite Fe;O; and amorphous Al,0s. The
SEM images depicted nano size iron oxide particles. The
kinetics studies revealed that As (V) adsorption of
37.6%Fe,03/62.4%Al,03 obeyed the pseudo-second-order
model. The Langmuir isotherm model fitted the
experimental data better than Freundlich model. The
adsorption capacity of pure Al,O3 and
37.6%Fe;03/62.4%Al,0; were determined to be 40.65 and
74.6 mg/g, respectively. The adsorption capacity of
37.6%Fe;03/62.4%Al,05 coated on leca was determined to
be 125 mg/g which revealed its higher efficiency in respect
to uncoated adsorbents. A comparison of the adsorption
capacity of the nanostructured 37.6%Fe;03/62.4%Al,03
adsorbent with those available in the literature revealed
that this adsorbent is promising.
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