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ABSTRACT

The removal of arsenic (As(III), As(V)) and selenium (Se(IV), Se(VI)) from aqueous solutions
was examined in batch systems using magnetic iron oxide nanoparticles/multi-walled car-
bon nanotubes (MIO–MWCNTs) as adsorbents. The effects of reaction time, temperature,
solution pH, initial contaminant concentration, and interfering anions were investigated.
Kinetic model analyses demonstrate that the Elovich model was the most suitable for
describing the As(III) and As(V) data, whereas the pseudo-second-order model provided
the best fit for the Se(IV) and Se(VI) data. Thermodynamic analyses indicate that As(III)
adsorption was endothermic, while As(V) adsorption was exothermic (As(III):
ΔH˚ = 56.930 kJ/mol; As(V): ΔH˚ = −78.501 kJ/mol). Meanwhile, the adsorption of Se(IV)
and Se(VI) was exothermic (Se(IV): ΔH˚ = −6.921 kJ/mol; Se(VI): ΔH˚ = −1.599 kJ/mol). The
adsorption capacity of As(III) increased gradually from 4.25 to 6.95 mg/g between pH 1.6
and 6.8, while the adsorption capacity of As(V) decreased from 9.09 to 3.69 mg/g as pH
increased from 1.7 to 7.9. The adsorption capacity for Se(IV) decreased from 9.45 to
4.65 mg/g with a rise in pH from 1.8 to 7.1, and the adsorption capacity for Se(VI)
decreased gradually from 6.09 to 0.11 mg/g between pH 1.9 and 7.0. Interfering anions such
as phosphate and carbonate significantly reduced the removal of arsenic and selenium.
Equilibrium model analyses indicate that the Freundlich model was the most appropriate
for the As(III) and As(V) data, whereas the Redlich–Peterson model gave the best fit for the
Se(IV) and Se(VI) data. The maximum adsorption capacity from the Langmuir model
(mg/g) was in the order of As(V) (16.85) > As(III) (14.26) > Se(IV) (13.08) > Se(VI) (6.13).
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1. Introduction

The contamination of drinking water resources by
organic and inorganic contaminants is a serious envi-
ronmental problem around the globe. Among various
inorganic pollutants in surface and ground waters,
arsenic (As) and selenium (Se) are major ones, causing
a threat to human health. Arsenic is one of abundant
elements in the earth’s crust, and it is naturally dis-
solved in water through weathering [1]. Anthro-
pogenic activities, such as mining and pesticide
application, are also sources of arsenic in water. Water
contamination by arsenic has been reported around
the world and is especially serious in certain parts of
Asia, such as Bangladesh and India [1,2]. Long-term
exposure to drinking water containing arsenic can
cause increased occurrences of skin, lung, bladder,
and kidney cancers [2]. Therefore, the World Health
Organization recommends a maximum contaminant
level of 10 μg/L for drinking water. However, the tox-
icity and transport properties of arsenic strongly
depend on their chemical form. The forms of arsenic
occur with valance states of −3, 0, 3, and 5. Most
arsenic exists as arsenite (AsO3�

3 , As(III)) and arsenate
(AsO3�

4 , As(V)) in water [3], and As(III) is more toxic
than As(V). Meanwhile, selenium is a natural trace
element, known to be an essential nutrient for animals
and humans. Selenium contamination in drinking
water is currently of concern because of the narrow
range between selenium deficiency and toxicity to
humans [4,5]. Selenium is introduced into water from
various sources including agricultural activities, fossil
fuel combustion, and other industrial effluents [6].
Selenium exists in valance state of −2, 0, 4, and 6 and
has several organic forms [7]. Because higher valance
forms of selenium are more water soluble, selenite
(SeO2�

3 , Se(IV)) and selenate (SeO2�
4 , Se(VI)) are the

predominant forms found in water, and Se(IV) is more
toxic than Se(VI) [5,8]. The United States Environmen-
tal Protection Agency has established the maximum
selenium contaminant level in drinking water to be
50 μg/L [4].

Various treatment techniques have been used for
the removal of inorganic contaminants from water,
including coagulation, chemical reduction, ion
exchange, adsorption, and membrane filtration [4,5,9].
Adsorption has been widely used because of its cost-
effectiveness and simplicity of operation [4,10–12].
Carbon nanotubes (CNTs) are carbon-based nanomate-
rials, which have been widely used as adsorbents for
the decontamination of aqueous solutions because of
their nanoscale dimension, high aspect ratio, and large
surface area [13,14]. CNTs have also served as a good
support for iron oxide nanoparticles to prepare

nanocomposites for the removal of various contami-
nants from water and wastewater [9,15]. Few research-
ers have studied the removal of arsenic and selenium
by iron oxide–CNT composite. Tawabini et al. [16]
modified multi-walled CNTs (MWCNTs) with iron
oxide nanoparticles to enhance the removal of As(III)
from water. Velickovic et al. [10] coated ethylenedi-
amine-functionalized MWCNTs with goethite to
remove As(III) and As(V) from drinking water. Wang
et al. [17] deposited iron–nickel nanoparticles onto
MWCNTs and used them for the removal of Se(IV)
from water. Recently, researchers have immobilized
magnetic iron oxide nanoparticles (MIO) such as
maghemite (γ-Fe2O3) and magnetite (Fe3O4) on
the surface of MWCNTs to synthesize magnetic
composite adsorbents (MIO–MWCNTs) [18–20]. The
MIO–MWCNTs could be used as adsorbents to
remove contaminants from water and then separated
from aqueous phase via magnetic separation. To our
knowledge, limited studies have been reported in the
literature for the removal of arsenic and selenium
using the MIO–MWCNTs, including the removal of
As(V) and As(III) [21] and As(V) [22] by the MIO–
MWCNTs. Therefore, more research works are needed
to improve understanding of the adsorption of arsenic
and selenium to the MIO–MWCNTs.

The aim of this study was to investigate the
removal of arsenic (As(III), As(V)) and selenium (Se
(IV), Se(VI)) from aqueous solutions by the MIO–
MWCNTs. Adsorption experiments were conducted in
batch systems to examine the effect of reaction time,
temperature, solution pH, initial contaminant concen-
tration, and interfering anions on the removal of
arsenic and selenium by the MIO–MWCNTs. Sorption
kinetics, thermodynamics, and equilibrium isotherm
models were used to analyze the experimental data.

2. Materials and methods

2.1. Preparation and characterization of MIO–MWCNTs

MWCNTs (CM-250; purity: 95%) were obtained
from Hanwha Nanotech, Korea. Following previously
published methods [23], the MWCNTs were placed in
70% nitric acid for 12 h at 70˚C to increase their binding
affinity to iron oxide nanoparticles by adding oxygen-
containing functional groups (e.g. carboxylic group) to
the MWCNT surfaces. The oxidized MWCNTs (O-
MWCNTs) were filtered, washed with distilled water,
and dried at 110˚C for 6 h. The MIO–MWCNTs were
prepared using the following procedures: a 400 mL
solution (Fe(III)/Fe(II) molar ratio = 2) of FeCl3·6H2O
(0.1 mol) and FeSO4·7H2O (0.05 mol) was prepared.
Two grams of the O-MWCNTs were added to the
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mixed solution and dispersed by ultrasonication for
4 h. A 6 M NaOH solution was later added dropwise
until the solution pH reached 8. The solution was con-
tinually stirred for an additional 12 h to ensure reaction
completion. The MIO–MWCNTs were subsequently
washed with distilled water and dried at 150˚C for 6 h.

The surface morphology of the MIO–MWCNTs
was characterized by various techniques. A transmis-
sion electron microscopy (TEM) analysis was con-
ducted using a high-resolution transmission electron
microscope (JEM-3010, JEOL, Tokyo, Japan). A field
emission scanning electron microscopy (FESEM) anal-
ysis was performed using a field emission scanning
electron microscope (Supra 55VP; Carl Zeiss, Oberko-
chen, Germany). A color mapping was performed
with energy-dispersive X-ray spectrometry (Supra
55VP, Carl Zeiss, Oberkochen, Germany). The oxida-
tion states of metal on the surface of the sample were
analyzed using X-ray photoelectron spectroscopy (XPS
Sigma Probe, Thermo VG, East Grinstead, UK) scans
with monochromatic Al Kα radiation. In addition, a
magnetic property was measured using a vibrating
sample magnetometer (VSM 5–15, Toei Industry Co.,
Tokyo, Japan) with a field measurement range
±5.0 kOe at room temperature.

2.2. Batch experiments

Arsenic sorption experiments were conducted
under batch conditions. The desired concentrations of
As(III) and As(V) were prepared by diluting the stock
solution (1,000 mg/L), which were made with sodium
arsenite (NaAsO2, 0.05 M, Fluka Sigma-Aldrich, St.
Louis, MO, USA) and sodium arsenate (Na2HA-
sO4·7H2O, 98–102%, Sigma-Aldrich, St. Louis, MO,
USA). All experiments were performed in triplicate
under ambient conditions. The first set of experiments
was conducted to examine the effect of reaction time on
the removal of As(III) and As(V) by the O-MWCNTs
and MIO–MWCNTs (initial arsenic concentra-
tion = 10 mg/L; temperature = 30˚C). The experiments
were performed in 50 mL polypropylene conical tubes
containing 1.0 g/L of the O-MWCNTs or MIO–
MWCNTs and 30 mL of diluted arsenic solution. The
tubes were shaken at 30˚C and 100 rpm using a shaking
incubator (Daihan Science, Seoul, Korea). After the
desired reaction time (15, 30, 45, 60, 120, 180, and
240 min), the adsorbents were separated from the solu-
tion by filtration through a 0.45 μm cellulose filter. The
residual arsenic concentration was measured by induc-
tively coupled plasma-atomic emission spectroscopy
(ICP-AES) (Optima-4300, Perkin–Elmer, Waltham, Mas-
sachusetts, USA).

The second experiments were performed at 15 and
45˚C to examine the effect of temperature on the
removal of As(III) and As(V) by the MIO–MWCNTs
(initial As concentration = 10 mg/L). The third experi-
ments were conducted to observe the effect of solution
pH on the removal of As(III) and As(V) by the MIO–
MWCNTs (initial As concentration = 10 mg/L; solu-
tion pH 1.6–7.9). The solution pH was adjusted using
0.1 M NaOH or 0.1 M HCl, which was monitored with
a pH probe (9107BN, Thermo Scientific, Waltham,
MA, USA). The fourth experiments were performed to
examine the removal of As(III) and As(V) by the
MIO–MWCNTs at different arsenic concentrations (ini-
tial As concentration = 5–100 mg/L). The fifth experi-
ments were conducted to examine the effect of
interfering anions on the removal of As(III) and As(V)
by the MIO–MWCNTs (initial As concentra-
tion = 10 mg/L; interfering anions = 0.05 M NaNO3,
NaHCO3, Na2SO4, NaH2PO4). Note that anions such
as nitrate, bicarbonate, sulfate, and phosphate com-
monly exist in natural water.

Selenium sorption experiments were also per-
formed following the same procedures as the arsenic
sorption experiments. The desired concentrations of Se
(IV) and Se(VI) were prepared by diluting stock solu-
tions (1,000 mg/L), which were made with sodium
selenite (Na2SeO3, 99%, Sigma-Aldrich, St. Louis, MO,
USA) and sodium selenate (Na2SeO4, ≥95%, Sigma-
Aldrich, St. Louis, MO, USA). In the first experiments,
the removal of Se(IV) and Se(VI) by the O-MWCNTs
and MIO–MWCNTs were performed at different reac-
tion times (initial Se concentration = 10 mg/L; temper-
ature = 30˚C). In the second, third, fourth, and fifth
experiments, the removal of Se(IV) and Se(VI) by the
MIO–MWCNTs were conducted at different tempera-
tures (initial Se concentration = 10 mg/L; tempera-
ture = 15, 45˚C), solution pHs (initial Se
concentration = 10 mg/L; pH 1.8–7.1), selenium con-
centrations (initial Se concentration = 5–100 mg/L),
and interfering anions (initial Se concentra-
tion = 10 mg/L; interfering anions = 0.05 M NaNO3,
NaHCO3, Na2SO4, NaH2PO4). The selenium concentra-
tion was also measured by ICP-AES.

2.3. Data analysis

Model parameters were estimated using MS Excel
2010 with the Solver add-in function. The determina-
tion coefficient (R2) and chi-square coefficient (χ2) were
used to analyze the data and confirm the fit to the
model. The equations of R2 and χ2 are:
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R2 ¼
Pm

i¼1 ðyc � yeÞ2iPm
i¼1 ðyc � yeÞ2i þ

Pm
i¼1 ðyc � yeÞ2i

(1)

v2 ¼
Xm
i¼1

ðye � ycÞ2
yc

" #
i

(2)

where yc is the adsorption capacity calculated from
the model, ye is the adsorption capacity measured
from the experiment, and ye is the average measured
adsorption capacity.

3. Results and discussion

3.1. Characteristics of MIO–MWCNTs

The digital image (Fig. 1) shows that the MIO–
MWCNTs could be separated from the aqueous med-
ium with an external permanent magnet. The saturation
magnetization of the MIO–MWCNTs was determined
to be 39.37 emu/g with a coercivity of 15.66 Oe. A more
detailed microstructure of the MIO–MWCNTs was
revealed by the TEM image (Fig. 2). The MWCNTs had
a hollow inner tube diameter of 7–8 nm, outer diameter
of 10–15 nm, and length of several hundred nanometers
(Fig. 2(a)). The TEM image also demonstrates nanosized
iron oxide particles with diameters ranging from 6 to
17 nm on the surface of the MWCNTs (Fig. 2(b)). They
are slightly smaller than the iron oxide nanoparticles
prepared without the MWCNTs [24]. The presence of
the MWCNTs reduces the interactions between the iron
oxide nanoparticles and subsequently their aggrega-
tion. Similar results were observed in the pure Fe3O4

nanoparticles and MWCNTs/Fe3O4 nanocomposites

[18]. Our previous research reported that the MIO–
MWCNTs had a BET surface area of 119.09 m2/g and a
point of zero charge (pHPZC) of 5.1 [25]. The surface
morphology was also characterized by FESEM (Fig. 3).
In the FESEM image of the MIO–MWCNTs (Fig. 3(a)),
the MWCNTs are depicted as entangled with the iron
oxide nanoparticles. Color mapping was performed to
visualize the spatial distribution of carbon, oxygen, and
iron (Fig. 3(b)–(d)). The mapping images show that all
components were well-dispersed and consisted of
73.10 wt% carbon, 14.13 wt% oxygen, and 12.77 wt%
iron on the surface of the sample.

The XPS spectra of the MIO–MWCNTs before and
after sorption experiments are shown in Fig. 4. The
photoelectron peaks at binding energies of 712, 531,
and 285 eV in the wide scan (Fig. 4(a)) were attributed

Fig. 1. Digital image of O-MWCNTs and MIO–MWCNTs
under a permanent magnet.

Fig. 2. TEM image (bar = 100 nm) of (a) O-MWCNTs and
(b) MIO–MWCNTs.

28326 C.-G. Lee and S.-B. Kim / Desalination and Water Treatment 57 (2016) 28323–28339



to Fe2p, O1s, and C1s, respectively, indicating that the
nanocomposites were composed of iron, oxygen, and
carbon. The high-resolution scan of the Fe2p region
(Fig. 4(b)) marked two peaks at 724.6 and 711.2 eV,
which agreed with the literature data for maghemite
[26,27]. The spectrum of iron can cause interference in
the arsenic and selenium spectrum during the XPS
analysis. Therefore, several researchers have chosen
the As3d and Se3d peaks to deconvolute the spectrum
[28,29]. The high-resolution spectra of As3d and Se3d
on the MIO–MWCNTs after reaction with arsenic and
selenium are presented in Fig. 4(c) and (d), respec-
tively. The binding energies of As(III) and As(V) were
centered at 46.379 and 45.861 eV, while Se(IV) and Se
(VI) were centered at 56.313 and 56.372 eV. No obvi-
ous change was observed for the Fe2p spectra before
and after reaction with arsenic and selenium.

3.2. Effects of reaction time and temperature

The removal of As(III) and As(V) by the
O-MWCNTs and MIO–MWCNTs is compared as a
function of reaction time in Fig. 5(a) and (b),

respectively. In the case of the MIO–MWCNTs, the
adsorption capacities for As(III) and As(V) increased
gradually with increasing reaction time until equilib-
rium was reached within 240 min. The adsorption
capacity of As(III) augmented to 4.84 mg/g at 30 min
of reaction time and further increased to 7.10 mg/g at
240 min (Fig. 5(a)). Meanwhile, the As(V) adsorption
capacity was 5.96 mg/g at 30 min and increased to
9.56 mg/g at 240 min (Fig. 5(b)). For the O-MWCNTs,
however, the adsorption capacities for As(III) and As
(V) were negligible (under 0.22 mg/g at all times).
After anchoring with the iron oxide nanoparticles, the
adsorption capacity increased significantly, which
indicates that the iron oxides played a major role in
the sorption of arsenic. Our results also demonstrates
that the adsorption capacity of As(V) by the MIO–
MWCNTs (9.56 mg/g at 240 min) was greater than
that of As(III) (7.10 mg/g at 240 min). These results
are in agreement with the report of Ma et al. [3], who
examined the adsorption of arsenic to CNTs and mag-
netic iron oxide/CNT composites, demonstrating that
the adsorption capacity of As(V) was higher than that
of As(III).

Fig. 3. Characteristics of MIO–MWCNTs: (a) FESEM image (bar = 1 μm), (b) color map of carbon (C), (c) color map of
oxygen (O), and (d) color map of iron (Fe).
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The removal of Se(IV) and Se(VI) by the O-
MWCNTs and MIO–MWCNTs are also compared in
Fig. 5(c) and (d), respectively. The adsorption of Se
(IV) and Se(VI) to the MIO–MWCNTs reached equilib-
rium within 240 min. In the case of Se(IV) (Fig. 5(c)),
the adsorption capacity of the MIO–MWCNTs reached
6.81 mg/g after 30 min and increased gradually to
8.22 mg/g at 240 min. The Se(IV) adsorption capacity
of the MIO–MWCNTs was 5.3–5.6 times greater than
that of the O-MWCNTs, depending on the reaction
time. A similar trend was observed for Se(VI) removal
(Fig. 5(d)). The adsorption capacity of the MIO–
MWCNTs was 3.68 mg/g after 30 min, reaching to
3.82 mg/g at 240 min. The Se(VI) adsorption capacity
of the MIO–MWCNTs was 2.6–4.0 times greater than
that of the O-MWCNTs, depending on the reaction
time. Our results show that the iron oxide nanoparti-
cles in the MIO–MWCNTs not only provide magnetic
separation of the adsorbents, but also improve the
adsorption capacity toward selenium.

In the case of the O-MWCNTs, the sorption capac-
ity of Se(IV) (1.52 mg/g at 240 min) was slightly
greater than that of Se(VI) (1.15 mg/g at 240 min). In
contrast, the adsorption capacity of Se(IV) by the

MIO–MWCNTs (8.22 mg/g at 240 min) was greater
than that of Se(VI) (3.82 mg/g at 240 min), which indi-
cates that the addition of iron oxide nanoparticles to
MWCNTs improved the adsorption capacity of Se(IV)
more than that of Se(VI). This result could be ascribed
to the fact that Se(IV) has a higher binding affinity to
iron oxide particles than Se(VI). Gonzalez et al. [4]
performed a sorption study of Se(IV) and Se(VI) onto
magnetite nanomaterial and reported that Se(IV) had a
higher binding affinity to iron oxide than Se(VI) at pH
5 and 6. Martı́nez et al. [30] also examined the sorp-
tion of Se(IV) and Se(VI) to magnetite using batch
experiments, demonstrating that Se(IV) had a higher
sorption percentage than Se(VI) throughout the pH
range between 2 and 12.

The effect of temperature on the removal of As(III)
and As(V) by the MIO–MWCNTs is presented in
Fig. 6(a) and (b), respectively. In the case of As(III),
the adsorption capacity at 240 min increased from 7.24
to 9.87 mg/g with an increase in the temperature from
15 to 45˚C (Fig. 6(a)). This result indicates that the
adsorption of As(III) to the MIO–MWCNTs was an
endothermic process. However, in the case of As(V),
the adsorption capacity at 240 min decreased from

Fig. 4. XPS spectra of MIO–MWCNTs: (a) wide scan, (b) high-resolution scan of the Fe2p region, (c) high-resolution scan
of the As3d region after sorption experiments, and (d) high-resolution scan of the Se3d region after sorption experiments.
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8.37 to 7.19 mg/g with a rise in temperature from 15
to 45˚C (Fig. 6(b)). This result demonstrates that the
adsorption of As(V) to the MIO–MWCNTs was an
exothermic process. These different thermal properties
were also observed for arsenic adsorption to Fe(III)–Si
binary oxide adsorbent [31], where the adsorption of
As(III) was endothermic, while the adsorption of
As(V) was exothermic. The thermal properties of acti-
vated red mud were exothermic for As(III) and
endothermic for As(V) [32]. These are interpreted as
surface precipitation for the endothermic reaction and
ligand exchange for the exothermic reaction [33,34].

The influence of temperature on the removal of
Se(IV) and Se(VI) by the MIO–MWCNTs are shown in
Fig. 6(c) and (d), respectively. The adsorption capaci-
ties for Se(IV) and Se(VI) decreased with increasing
temperature. In the case of Se(IV), the adsorption
capacity at 240 min decreased slightly from 8.38 to

8.12 mg/g with an increase in the temperature from 15
to 45˚C (Fig. 6(c)). In the case of Se(VI), the adsorption
capacity at 240 min also decreased slightly from 3.95 to
3.79 mg/g with a rise in temperature from 15 to 45˚C
(Fig. 6(d)). These results demonstrate that the adsorp-
tion of Se(IV) and Se(VI) to the MIO–MWCNTs was an
exothermic process. Similar findings were reported in
the literature. The adsorption capacity of Se(IV) on iron
oxide [35] and magnetite [36] decreased with increas-
ing temperature. At higher temperature, the lower the
amount of Se(VI) adsorbed on the goethite surface [37].

3.3. Kinetic and thermodynamic model analyses

The experimental data in Fig. 6 were analyzed
using the following pseudo-first-order (Eq. (3)),
pseudo-second-order (Eq. (4)), and Elovich (Eq. (5))
kinetic models:

Fig. 5. Arsenic and selenium removal by O-MWCNTs and MIO–MWCNTs at different reaction times: (a) As(III), (b) As
(V), (c) Se(IV), and (d) Se(VI).
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qt ¼ qe 1� e�k1t
� �

(3)

qt ¼ k2q
2
et

1þ k2qet
(4)

qt ¼ 1

b
ln abð Þ þ 1

b
ln t (5)

where qe is the amount of contaminant adsorbed at
equilibrium, qt is the amount of contaminant adsorbed
at time t, k1 is the pseudo-first-order rate constant, k2
is the pseudo-second-order rate constant, α is the ini-
tial adsorption rate constant, and β is the Elovich
adsorption constant.

The kinetic model analyses are presented in Fig. 7.
The kinetic model parameters are provided in Table 1.
The coefficient of determination (R2) and the chi-
square (χ2) indicate that the Elovich model was most
suitable at describing the arsenic data (Fig. 7(a)). This

finding indicates that chemisorption is involved in the
adsorption of arsenic to the MIO–MWCNTs. Mishra
and Ramaprabhu [38] suggested that the loading of
iron oxide on MWCNTs induces chemical reactions. In
the case of the selenium data (Fig. 7(b)), the values of
R2 and χ2 indicate that the pseudo-second-order model
was most suitable for describing the kinetic data,
which indicates that chemisorption is involved in the
adsorption of selenium to the MIO–MWCNTs.

The experimental data in Fig. 6 were also analyzed
using the following relationships:

DG� ¼ DH� � TDS� (6)

DG� ¼ �RT ln Ke; Ke ¼ aqe
Ce

(7)

ln Keð Þ ¼ DS�

R
� DH�

RT
(8)

Fig. 6. Arsenic and selenium removal by MIO–MWCNTs at different temperatures: (a) As(III), (b) As(V), (c) Se(IV), and
(d) Se(VI).
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where ΔG˚ is the change in Gibb’s free energy, ΔS˚ is
the change in entropy, ΔH˚ is the change in enthalpy,
R is the gas constant, Ke is the equilibrium constant
(dimensionless), and a is the adsorbent dose (g/L).
ΔS˚ and ΔH˚ were calculated by plotting ln(Ke) vs. 1/T
using Eq. (8), whereas ΔG˚ was determined from Eq.
(6). The thermodynamic analyses for arsenic and sele-
nium sorption to the MIO–MWCNTs are presented in
Fig. 8. The thermodynamic parameters are provided
in Table 2.

The thermodynamic behavior of As(III) and As(V)
was different (Fig. 8(a)). In the case of As(III), the
positive values of ΔH˚ (56.930 kJ/mol) and ΔS˚
(204.511 J/K mol) were obtained, indicating that the
endothermic and randomness increased at the interface
between solid and solution during the sorption pro-
cess. The positive ΔS˚ value suggests some structural
changes in the arsenic species and adsorbents [39]. For

As(V), the negative values of ΔH˚ (−78.501 kJ/mol)
and ΔS˚ (−238.210 J/K mol) for As(V) demonstrate that
the exothermic and randomness decreased during the
sorption process. The negative ΔS˚ value confirms a
stable complex forming between As(V) and adsorbents
[33]. The negative values of ΔG˚ (−2.000 to
−9.861 kJ/mol) indicate that the sorption process of
arsenic on the MIO-MWCNTs was spontaneous.

In the case of Se(IV) and Se(VI) (Fig. 8(b)), the neg-
ative values of ΔH˚ (Se(IV) = −6.921 kJ/mol; Se(VI)
= −1.599 kJ/mol) demonstrate the exothermic nature
of the sorption process. The negative values of ΔS˚ (Se
(IV) = −9.474 J/K/mol; Se(VI) = −9.178 J/K/mol) indi-
cate that randomness decreased at the interface
between solid and solution during the sorption pro-
cess. The negative values of ΔG˚ (−3.907 to
−4.191 kJ/mol) for Se(IV) show that Se(IV) adsorption
to the MIO–MWCNTs was spontaneous. These results
are in agreement with reports from other researchers
who examined the exothermic and spontaneous
adsorption of Se(IV) to titanium dioxide nanoparticles
[40] and biosorbent (dead green algae) [41]. In the case
of Se(VI), positive values of ΔG˚ (1.046 to
1.321 kJ/mol) were obtained from the analysis. Similar
findings were reported by Jordan et al. [42], who
found negative values of ΔH˚ and ΔS˚ and a positive
value of ΔG˚ for Se(VI) sorption to anatase. According
to Eq. (7), the value of ΔG˚ becomes positive when the
amount of adsorbate in aqueous phase (Ce) is larger
than that on solid phase (aqe) at equilibrium [43]. Özer
et al. [44] stated that the sorption reaction would
always occur until equilibrium is reached regardless
of the sign of ΔG˚.

3.4. Effect of solution pH, initial contaminant
concentration, and interfering anions

The effect of solution pH on the removal of As(III)
and As(V) by the MIO–MWCNTs is presented in
Fig. 9(a). Arsenic sorption by the MIO–MWCNTs was
clearly affected by the solution pH. The adsorption
capacity of As(V) was higher than As(III) at an acidic
condition, whereas the adsorption capacity of As(III)
was higher at a basic condition. In the adsorption of
As(III) to the MIO–MWCNTs, the adsorption capacity
increased gradually from 4.25 to 6.95 mg/g between
pH 1.6 and 6.8. For As(V), the adsorption capacity at
pH 1.7 and 2.8 were above 9.0 mg/g and later
dropped gradually to 3.69 mg/g as the pH increased
to 7.9. Similar results were revealed in the literature.
Brechbühl et al. [45] showed that the sorption of As
(III) increased with the increase in pH, while the sorp-
tion of As(V) decreased with the pH increase in hema-
tite at a pH range of 3–7. Zhou et al. [46] found the

Fig. 7. Kinetic model analyses for reaction time data at
15˚C with pseudo-first-order, pseudo-second-order, and
Elovich models: (a) arsenic and (b) selenium. Model
parameters are provided in Table 1.
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Fig. 8. Thermodynamic model analyses: (a) arsenic and (b)
selenium. Model parameters are provided in Table 2.

Table 2
Thermodynamic parameters obtained from model fitting to experimental data

Temperature (˚C) ΔH˚ (kJ/mol) ΔS˚ (J/K/mol) ΔG˚ (kJ/mol)

As(III) 15 56.930 204.511 −2.000
30 −5.067
45 −8.135

As(V) 15 −78.501 −238.210 −9.861
30 −6.288
45 −2.715

Se(IV) 15 −6.921 −9.474 −4.191
30 −4.049
45 −3.907

Se(VI) 15 −1.599 −9.178 1.046
30 1.183
45 1.321

Fig. 9. Arsenic and selenium removal by MIO–MWCNTs
at different solution pHs: (a) arsenic and (b) selenium.
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optimal adsorption of As(III) by magnetic cellulose
nanocomposites in the pH range of 6–9. Vitela-Rodri-
guez and Rangel-Mendez [47] reported that the As(V)
removal by activated carbon modified with iron hydro
(oxide) nanoparticles decreased by 32% as the solution
pH increased from 6 to 8.

The chemical speciation of As(III) and As(V)
according to the solution pH are calculated by a com-
puter program for geochemical modeling (arsenic con-
centration = 10 mg/L, temperature = 30˚C, calculation
using the Visual MINTEQ 3.0 code):

H3AsO3ðaqÞ $ H2AsO�
3 þHþ pKa1 ¼ 9:1 (9)

H3AsO4ðaqÞ $ H2AsO�
4 þHþ pKa1 ¼ 2:3 (10)

H2AsO�
4 $ HAsO2�

4 þHþ pKa2 ¼ 6:9 (11)

In our experimental condition (pH 3), H2AsO�
4 (mono-

valent anion) is the predominant form of As(V). The
anionic species of As(V) is strongly influenced by the
surface charge of the adsorbent. Under acidic condi-
tion, the surface of the adsorbents becomes positively
charged by protonation, subsequently enhancing the
adsorption of negatively charged As(V). As the solu-
tion pH increases, the surface of the adsorbents is
deprotonated and becomes unfavorable for the
adsorption of As(V) [9,48]. For As(III), H2AsO3 (neu-
tral species) is the predominant form in our experi-
mental condition (pH 7). The neutral species of As(III)
is not affected by the surface charge of the adsorbents.
The magnetic iron oxide on CNTs is partially dis-
solved at a low pH condition, which can cause a
reduction in As(III) adsorption. The higher removal
capacity of As(III) at a basic condition may be the
result of oxidation of arsenite to arsenate [46,48].

The influence of solution pH on the removal of Se
(IV) and Se(VI) by the MIO–MWCNTs are shown in
Fig. 9(b). Selenium sorption by the MIO–MWCNTs
was influenced by the solution pH. In the case of Se
(IV), the adsorption capacity was 9.40 mg/g at pH 1.8
and dropped gradually to 4.65 mg/g as the pH was
increased to 7.1. The adsorption capacity of Se(VI) also
decreased gradually from 6.09 to 0.11 mg/g with a
rise in pH from 1.9 to 7.0. At the same pH, the
adsorption capacity of Se(IV) was larger than that of
Se(VI). Similar findings were reported by Martı́nez
et al. [30], who showed that the percent removal of Se
(IV) by magnetite decreased from 55 to 3% upon
increasing the pH from 2 to 12, whereas the percent
removal of Se(VI) decreased from 12 to 1% at the same
pH range.

The pH dependency of adsorption of Se(IV) and Se
(VI) to the MIO–MWCNTs is primarily related to the
ionization of selenium. The speciation of Se(IV) and Se
(VI) is influenced by the solution pH (selenium con-
centration = 10 mg/L, temperature = 30˚C, calculation
using the Visual MINTEQ 3.0 code):

H2SeO3ðaqÞ $ HSeO�
3 þHþ pKa1 ¼ 2:63 (12)

HSeO�
3 $ SeO2�

3 þHþ pKa2 ¼ 8:36 (13)

HSeO�
4 $ SeO2�

4 þHþ pKa1 ¼ 1:61 (14)

In our experimental condition (pH 4), HSeO�
3 (mono-

valent anion) is the predominant form of Se(IV),
whereas SeO2�

4 (divalent anion) is the predominant
form of Se(VI). Like As(V), the anionic species of
Se(IV) and Se(VI) are strongly influenced by the
surface charge of the adsorbent.

Fig. 10. Arsenic and selenium removal by MIO–MWCNTs
at different initial contaminant concentrations: (a) arsenic
and (b) selenium.
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The removal of As(III) and As(V) by the MIO–
MWCNTs is presented in Fig. 10(a) as a function of ini-
tial arsenic concentration. The adsorption capacity
increased gradually with increasing initial arsenic con-
centrations. In the case of As(III), the adsorption capacity
at the concentration of 5 mg/L was 4.32 mg/g. The
adsorption capacity increased to 11.71 mg/g at the
concentration of 40 mg/L and further increased to
16.52 mg/g at the highest concentration of 100 mg/L.
Meanwhile, the adsorption capacity of As(V) increased
from 5.19 to 19.54 mg/g with increasing As(V)
concentrations from 5 to 100 mg/L. These results also
show that the adsorption capacity of As(V) was greater
than that of As(III) throughout the initial arsenic
concentration.

The removal of Se(IV) and Se(VI) by the MIO–
MWCNTs is shown in Fig. 10(b) as a function of initial
selenium concentration. In the case of Se(IV), the
adsorption capacity at the concentration of 5 mg/L

was 5.37 mg/g, which increased to 11.59 mg/g with
the concentration of 45 mg/L. The adsorption capacity
further increased to 14.37 mg/g with the concentration
of 100 mg/L. For Se(VI), the adsorption capacity
increased from 3.40 to 6.47 mg/g with a rise in the
concentration from 5 to 100 mg/L. Our results show
that the adsorption capacity of Se(IV) was greater than
that of Se(VI) throughout the initial selenium
concentration.

The effect of interfering anions on the removal of
arsenic and selenium by the MIO–MWCNTs are pre-
sented in Fig. 11. In the case of As(III), nitrate, bicar-
bonate, and sulfate did not significantly influence on
the As(III) removal while phosphate interfered As(III)
removal. In the case of As(V), both carbonate and
phosphate greatly reduced the As(V) removal. Rao
et al. [49] reported that arsenic removal by Fe–Ti

Fig. 11. Arsenic and selenium removal by MIO–MWCNTs
at various interfering anions: (a) arsenic and (b) selenium. Fig. 12. Equilibrium isotherm model analyses with the Fre-

undlich, Langmuir, and Redlich–Peterson models: (a)
arsenic and (b) selenium. Model parameters are provided
in Table 3.
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bimetal oxides decreased significantly due to the pres-
ence of phosphate. In the case of Se(IV), the influence
of interfering anions was in the order of bicarbon-
ate > phosphate > sulfate. In the case of Se(VI), the
effect was in the order of bicarbonate > sulfate > phos-
phate. Note that nitrate did not interfere the selenium
removal.

3.5. Equilibrium isotherm model analysis

The sorption data in Fig. 10 were analyzed with
the Freundlich (Eq. (15)), Langmuir (Eq. (16)), and
Redlich–Peterson (Eq. (17)) isotherm models:

qe ¼ KFC
1
n
e (15)

qe ¼ QmKLCe

1þ KLCe
(16)

qe ¼ KRCe

1þ aRC
g
e

(17)

where Ce is the equilibrium concentration of contami-
nant in the aqueous solution, KF is the Freundlich con-
stant related to the adsorption capacity, 1/n is the
Freundlich constant related to the adsorption inten-
sity, Qm is the maximum adsorption capacity, KL is
the Langmuir constant related to the affinity of the
binding sites, KR is the Redlich–Peterson constant
related to the adsorption capacity, aR is the Redlich–
Peterson constant related to the affinity of the binding
sites, and g is the Redlich–Peterson constant related to
the adsorption intensity.

The equilibrium model analyses are illustrated in
Fig. 12. The equilibrium model parameters are repre-
sented in Table 3. The values of R2 and χ2 indicate that
the Freundlich isotherm was most suitable at describ-
ing the arsenic data. The maximum adsorption capaci-
ties (Qm) of As(III) and As(V) were determined to be
14.26 and 16.85 mg/g, respectively, from the Lang-
muir model, which were higher than the value in the
literature. Ma et al. [3] reported that magnetic iron
oxide/CNT composites had maximum sorption capac-
ities of 9.74 mg/g for As(V) and 8.13 mg/g for As(III)
from the Langmuir isotherm. Ntim and Mitra [9]
determined As(III) and As(V) sorption capacities for
Fe–MWCNT of 1.72 and 0.19 mg/g, respectively, from
the Langmuir isotherm.

In the case of selenium data, the values of R2 and
χ2 indicate that the Redlich–Peterson isotherm was
most suitable for describing the equilibrium data.
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The Redlich–Peterson isotherm is a hybrid model com-
bining the Freundlich and Langmuir equations, which
can be applied to either homogeneous or heteroge-
neous systems to explain adsorption over a wide
range of concentrations [50]. The values of Qm for Se
(IV) and Se(VI) from the Langmuir model were 13.08
and 6.13 mg/g, respectively, which were in the range
of reported values from the literature. Wang et al. [17]
reported that Fe–Ni/MWCNT had a Se(IV) sorption
capacity of 17.45 mg/g from the Langmuir isotherm.
Chan et al. [51] determined Se(IV) and Se(VI) sorption
capacities for binary oxides (Fe(III)/SiO2) of 20.4 and
2.4 mg/g, respectively, from the Langmuir isotherm.
Zhang et al. [40] reported that the Se(IV) sorption
capacities of nano-TiO2 were 7.30–8.46 mg/g from the
Langmuir isotherm. Gonzalez et al. [4] reported that
microwave-assisted magnetite nanomaterial had Se(IV)
and Se(VI) sorption capacities of 2.38 and 2.37 mg/g,
respectively, from the Langmuir isotherm.

4. Conclusions

The removal of arsenic and selenium by the
MIO–MWCNTs was examined in this study. Results
demonstrate that the MIO–MWCNTs were more
effective in the removal of arsenic and selenium
than oxidized MWCNTs. Kinetic model analyses
demonstrate that the Elovich model was found to be
the most suitable for describing the As(III) and As
(V) data, whereas the pseudo-second-order model
provided the best fit for the Se(IV) and Se(VI) data.
Thermodynamic analyses indicate that As(III)
adsorption was endothermic, while As(V) adsorption
was exothermic. Meanwhile, the adsorption of Se(IV)
and Se(VI) was exothermic. Arsenic and selenium
adsorption to the MIO–MWCNTs was clearly
affected by the solution pH of 2–8. As pH increased,
the adsorption capacity of As(III) increased, whereas
the adsorption capacity of As(V) decreased. The
adsorption capacities of Se(IV) and Se(VI) decreased
with a rise in pH. Interfering anions such as phos-
phate and carbonate significantly reduced the
removal of arsenic and selenium. Equilibrium model
analyses indicate that the Freundlich model was the
most appropriate for the As(III) and As(V) data,
whereas the Redlich–Peterson model gave the best
fit for the Se(IV) and Se(VI) data. The maximum
adsorption capacity from the Langmuir model (mg/
g) was in the order of As(V) (16.85) > As(III) (14.26)
> Se(IV) (13.08) > Se(VI) (6.13). This study demon-
strates that the MIO–MWCNTs can be used as
adsorbents for removing arsenic and selenium from
water in combination with magnetic separation.
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[44] A. Özer, G. Akkaya, M. Turabik, The biosorption of
acid red 337 and acid blue 324 on Enteromorpha prolif-
era: The application of nonlinear regression analysis to
dye biosorption, Chem. Eng. J. 112 (2005) 181–190.
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