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To remove As(V) and Sb(V) in water, magnetic nanoparticles (MNPs) supported calcined layered double oxide
(MLDO) was prepared in order to enhance the separability and removal capacity. MLDO was successfully pre-
pared using a flocculation method and the MNPs stably attached onto the surface of LDH by both chemical bond-
ing and physical attachment. MLDO rapidly separated As(V) and Sb(V) from water due to its external magnetic
field, with the saturation magnetism of raw MNPs and MLDO being 63.2 emu/g and 14.3 emu/g, respectively. In
addition, MLDO enhanced the removal capacity for As(V) and Sb(V) by reconstruction process. A kinetic study

K]_;'i,,zvrzgdzouble hydroxide revealed that the removal of As(V) and Sb(V) rapidly reached equilibrium within 120 min for an initial concen-
Magnetic nanoparticle (y-Fe,05) tration of 50 mg/L, and that the maximum removal capacities for As(V) and Sb(V) as calculated from the Lang-
Antimony muir isotherm are 83.01 mg/g and 180.96 mg/g, respectively. The regeneration rate of As(V) could be
Arsenic maintained at about 70% for five regeneration cycles for 0.5 M NaOH and 5 M NaCl solutions, whereas Sb(V)

Reconstruction
Regeneration

displayed a lower regenerability due to its higher irreversible fraction in MLDO. Nevertheless, the effective re-
moval efficiency for As(V) and Sb(V), with its easy magnetic separation, implies that MLDO has a potential for

use in field applications of wastewater treatment.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Arsenic (As) and antimony (Sb) are representative toxic metalloids,
and occur in groundwater throughout natural and anthropogenic
sources (Filella et al., 2002; Smedley and Kinniburgh, 2002). In recent
years, there has been a considerable contamination of As(V) and
Sb(V) in the groundwater found in several countries around the
world. Since severe As(V) contamination in drinking water reported in
India and Bangladesh (Chowdhury et al., 2000), broad contamination
of As(V) in drinking water in South-East Asian countries such as
Vietnam (Hanh et al., 2011), Cambodia (Phan et al., 2013), and Laos
(Chanpiwat et al., 2011) have been observed, resulting in acute
and chronic toxicity being reported in residents who drink the As(V)-
contaminated water. The As(V) contamination in South-East Asian
countries is mainly caused by geological properties in which As(V) con-
tinuously leaches out from As(V)-containing minerals in groundwater
(McCarty et al,, 2011). Previous studies (Chanpiwat et al., 2011;
Phan et al., 2013; Smith et al., 2000) have already reported that
100-2000 pg/L of As(V) in groundwater has been observed in
Bangladesh, Cambodia, and Vietnam. In terms of Sb(V), the contamina-
tion has been caused by the insufficient disposal of Sb-bearing wastes, es-
pecially in areas of mining and smelting (Jana et al., 2012). Although the

* Corresponding author.
E-mail address: kwkim@gist.ac.kr (K.-W. Kim).

http://dx.doi.org/10.1016/j.gexplo.2016.11.015
0375-6742/© 2016 Elsevier B.V. All rights reserved.

toxicity of Sb(V) is less than that of As(V) which has fatal toxicity, the
acute and chronic toxicity of Sb(V) occurs respiratory irritation, pneumo-
coniosis and gastrointestinal symptoms (Sundar and Chakravarty, 2010).
In particular, Sb(V) contamination has been observed in Hunan province,
China, where 5000 mg/kg of Sb(V) was reported in the soil and 100 pg/L
to 7000 pg/L was reported in the surface water and groundwater
(He, 2007). Due to the increasing awareness of hazardous effect of
As(V) and Sb(V) on humans, these compounds are considered as strong
carcinogens and priority pollutants. To this end, the United States Envi-
ronmental Protection Agency (USEPA) has suggested that the maximum
standard of As(V) should be regulated to 10 pg/L (USEPA, 2001) and
the World Health Organization guidelines for drinking water standards
has assigned a maximum allowable Sb(V) concentration of 5 pg/L
(WHO, 2003).

To remove anionic contaminants from drinking water, adsorption
and ion exchange processes have been widely applied due to their
cost-effectiveness and installation convenience (Mohan and Pittman,
2007). Recently, nanomaterials such as iron oxide (Ray and Shipley,
2015), zero-valent iron (Du et al., 2013), and titanium dioxide (Xu
et al., 2005) have been widely applied to the remediation of drinking
water because of their high reactivity and selectivity to anionic
contaminants. However, the largest problem of concerning the use of
nanomaterials in wastewater treatment is that nanoparticles cannot
be easily separated after the removal of contaminants; hence,
nanomaterials have been applied through alternative methods such as
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Fig. 1. X-ray diffraction patterns (a) and Fourier transform infrared spectroscopy (b) of ULDH, CLDH, UMNPs, CMNPs, MLDH, and MLDO.

granulation and coatings on fabric—which have a lower removal
capacity. Due to problems associated with the use of nanomaterials in
the remediation of contaminated water, magnetic nanomaterials have
been emerging as an alternative wastewater treatment technology
(Ambashta and Sillanpaa, 2010). Magnetic nanomaterials can be easily
separated using an external magnetic separation system after contami-
nants have been removed; hence, it is possible to preserve the inherent
high selectivity of nanomaterials. Several studies have shown that mag-
netic nanoparticles (MNPs) could successfully support nanocomposites
to remove organic and inorganic contaminants in wastewater (Lunge
etal, 2014; Yu et al., 2013).

Layered double hydroxide (LDH) is an artificial anionic clay that is
based on a structure of positively charged brucite-like layers, with inter-
layers of anions having water molecules (H,O) (Wang and O'Hare, 2012).
The general formula of LDH is [M?*; _ .M (OH),[* " (A" )xn - mH,0,
where M?* and M+ are cationic metals, and A refers to anions such as
carbonate (CO3) or nitrate (NOs3). Previous studies have reported that
LDH can effectively remove anionic contaminants such as As(V),
phosphate, chromium, and Sb(V) via the ion exchange of interlayer
anions (Goh et al., 2008). Furthermore, the thermal treatment of
LDH has enhanced the removal efficiency of anionic contaminants
due to its positively charged surface, which induces a charge imbal-
ance by the elimination of interlayer substances (Goh et al., 2009).
Furthermore, LDH has been applied as a substrate to support nano-
particles such as silver (Chen et al., 2012), graphene (Gao et al.,
2011), TiO, (Lee et al., 2015), and Fe304 (Shao et al., 2012) in order
to enhance the functionality of materials based on the large surface
area of LDH.

In this study, magnetic functionalized LDH nanocomposite (MLDH)
was prepared using well-known MNPs (y-Fe;05) in order to synthesize
an effective separable material for use in an As(V) and Sb(V) removal
system. Additionally, calcined MLDH (MLDO) was examined for the en-
hancement of As(V) and Sb(V) removal in water. The MLDO has poten-
tial for the in-situ field applications that require both the magnetic
separation and removal of As(V) and Sb(V) in drinking water. Therefore,
the physico-chemical properties of MLDO was examined, and the re-
moval mechanisms of As(V) and Sb(V) by MLDO were investigated in
this study.

2. Materials and methods
2.1. Preparation of MLDH and MLDO

Mg/Al LDH was first synthesized using a coprecipitation method in
which 250 mL of Solution 1 (1 M Na,CO3 with 1 M NaOH) was drop-
wise added into 250 mL of Solution 2 (0.5 M Mg(NOs), 6 - H,0 and
Al(NO3)3 9H,0) until the pH of the mixture reached 9.5, and a white pre-
cipitate was obtained. The mixture was then aged for 48 h at 60 °Cin a

dry oven to increase its crystallinity. The precipitate was subsequently
washed using deionized water, and then dried at 80 °C in a dry oven
for 24 h before being stored in a desiccator prior to further use.

MNPs were also synthesized using a coprecipitation method
(Yoon et al.,, 2015). In brief, a 250 mL mixed iron solution containing
0.1 M of ferrous chloride (FeCl, - 4H,0) and 0.2 M ferric chloride
(FeCl; - 6H,0) (2:1 M ratio) was prepared. Then, 1 M NH,OH was con-
tinuously added into the iron solution until the pH of the mixture
reached 9.5, and a black precipitate was obtained. The black precipitate
was washed using deionized water and dried at 80 °C in a dry oven for
24 h before being stored in a desiccator prior to further use. The process
for preparing MLDO was described in our previous study (Lee et al.,
2015) using flocculation method. Here, different ratio of Mg/Al LDH
and well-dispersed MNPs were mixed into a 1 L bottle containing deion-
ized water (The ratio of MNPs is 10 to 50%). The mixed solution was vig-
orously stirred by for 48 h at room temperature. The final slurry was
then separated and calcined at 400 °Cin a furnace which is the optimum
calcination temperature for the removal of As(V) and Sb(V) by LDH and
finally the samples were homogenized using a 100 mesh sieve.

2.2. Characterization

Powdered LDH, MNPs, MLDH and MLDO samples were prepared to
investigate the physico-chemical properties. To investigate the crystal-
lographic properties of MLDH and MLDO, powder XRD patterns were
obtained using a high resolution X-ray diffractometer (HR-XRD, SIE-
MENS D5005 Diffractometer, Karlsruhe, Germany) combined with Cu
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Fig. 2. Comparison of magnetic hysteresis loops of UMNPs (a), MLDO (b) and ULDH (c).
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Fig. 3. Scanning electron microscope (SEM) images of ULDH (a), UMNPs (b), MLDH (c) and CLDH (d), CMNPs (e), MLDO (f).

Ko radiation (40 KV, 24 mA, 20: 5°-85°). The specific surface areas were
measured using a BET analysis (ASAP2010, Micromeritics, USA), and the
morphological characteristics and elemental composition of the sam-
ples were obtained using scanning electron microscope via elemental
dispersive spectroscopy (FE-SEM; Hitachi S-4700, Japan). The saturated
magnetism of MLDH and MLDO was then examined using a vibrating
sample magnetometer (VSM; Lakeshore 665, USA). The chemical for-
mation of MLDH and MLDO was analyzed using an X-ray photoelectron
spectrometer (XPS; ESCA VG Multilab 2000, UK) and the information of
functional groups in MLDO was obtained using FT-IR (Jasco-4600 plus,
USA).

2.3. Removal of As(V) and Sb(V) using MLDO

All chemicals were reagent grade in the experiments. The 1000 mg/L
stock solutions of As(V) and Sb(V) were prepared using NaHAsO,4
(Sigma Aldrich, USA) and KSb(OH )3 (Sigma Aldrich, USA), respectively.
Then, deionized water was used as needed to dilute the stock solutions.
The initial concentrations of As(V) and Sb(V) in the batch experiments
was adjusted to 50 mg/L, and the dose of MLDH and MLDO was
0.2 g/L. Powdered MLDH and MLDO was added into the As(V) and
Sb(V) solutions and vigorously stirred at a constant temperature
(25 °C) in a shaking incubator (HB-201SF, Hanbaek Science, Korea).
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Fig. 4. X-ray photoelectron spectroscopy spectra of ULDH, UMNPs, MLDH and MLDO: wide spectrum (a), Fe 2p (b) and O 1s spectra (c).
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Fig. 5. Calcination effect for the removal of As(V) and Sb(V) (a) (ULDH, U: MLDH, CLDH, C: MLDO, UMNPs, CMNPs) and removal efficiency under different equilibrium pH (b) (sorbent:

MLDO 20%).

The effect of pH was investigated under different pH conditions, which
was adjusted from 3 to 11 using 0.1 M HCI (Sigma Aldrich, USA) and
0.1 M NaOH (Sigma Aldrich, USA). Kinetic tests were carried out as a
function of reaction time (ranging from 5 min to 360 min). [sotherm ex-
periments were conducted under As(V) and Sb(V) concentrations rang-
ing from 10 mg/L to 500 mg/L. Finally, the data was fitted to the
Langmuir and Freundlich isotherm model, and the maximum removal
capacity was calculated.

The competitive effects of anionic co-ions were determined based on
the presence of phosphate, sulfate, nitrite, nitrate, and carbonate. Each
anion solution was prepared using NaH,P0O,4, Na,SO4, NaNO,, NaNOs,
and NaHCOs (Sigma Aldrich, USA). The concentration of each anion
was adjusted from 10 mg/L to 100 mg/L and 1000 mg/L of As(V) and
Sb(V) solution. For the desorption experiments, used MLDO was
mixed with 0.5 M NaOH and 5 M NacCl solutions and continuously
stirred for 6 h. The MLDO was then washed using deionized water and
a repetitive calcination process was conducted at 400 °C. Consecutive
sorption, desorption, and regeneration studies were conducted in
order to investigate the regenerability of MLDO.

3. Results and discussion
3.1. MLDH and MLDO characterization

Fig. 1(a) presents the X-ray diffraction patterns of uncalcined Mg/Al
LDH (ULDH), calcined Mg/Al LDH(CLDH) at 400 °C, uncalcined MNPs
(UMNPs), calcined MNPs at 400 °C (CMNPs), MLDH, and MLDO. The
ULDH displays the typical structure of a layered double hydroxide, hav-
ing basal reflections of (003), (006), (009), and (110) planes (Xia et al.,
2013). In the CLDH, the typical Mg/Al peaks disappeared due to the col-
lapse of the interlayer space, caused by the thermal treatment at 400 °C
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for 4 h. Fig. 1(c) shows the crystallographic structure of MNPs, the peaks
located at (220), (311), (400), (511), and (440) planes were assigned to
the mixture of 'y-Fe,03 and Fe304 (Yu et al.,, 2013). In this study, the both
y-Fe,053 and Fe;04 were designated as MNPs because both they were
generally mixed, and the calcined MNPs did not display any phase
change. As shown in Fig. 1(a) the MLDH and MLDO had entire peak pat-
terns that were similar to both ULDH and vy-Fe,0s. The XRD patterns of
the MLDO shows that the layered structure ((003), (006), (009), and
(110) planes) decreased due to the elimination of water molecules in
the interlayer space. Our previous study (Lee et al., 2015) confirmed
that the calcination process decreased the interlayer space of LDH, the
decreased interlayer space had the potential to remove anionic contam-
inants regardless of the presence of hybrid nanoparticles.

Fig. 1(b) displays the FT-IR spectra of the ULDH, CLDH, MNPs, MLDH
and MLDO, in which absorption bands at 3450 cm ™! and 1350 cm ™!
were observed in the ULDH. The band at 3450 cm™! indicates the
stretching vibrations in hydroxyl groups (— OH) in the brucite layers
and interlayer water molecules (Das and Samal, 2004). The band at
1380 cm™ ! can be assigned to the asymmetric stretching of interlayer
carbonate anions (CO3") (Luetal.,, 2012). The CLDH represented that hy-
droxyl group almost disappeared after the thermal treatment, as incom-
plete peaks of carbonate remained. MLDH revealed that the hydroxyl
and carbonate groups were restored due to the carbonate in water,
whereas these peaks were eliminated in MLDO after the thermal treat-
ment. MLDH revealed similar properties with ULDH, whereas there
were no valid peaks in the uncalcined and calcined MNPs since their in-
tensity was low.

Fig. 2 demonstrates the magnetic hysteresis loops of CLDH, MNPs,
and MLDO. The data revealed that there is no magnetic effect by ULDH
(<0.1 emu/g) and the maximum saturated magnetism of MNPs and
MLDO were 63.2 emu/g and 21.6 emu/g, respectively. Although the
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Fig. 6. Kinetic removal of As(V) and Sb(V) (a) and isotherm study by MLDO (b) (dose: 0.2 g/L, initial concentration of As(V) and Sb(V): 50 mg/L, initial pH: 7, reaction time: 24 h).
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magnetism of MLDO decreased with the combination of non-magnetic
Mg/Al LDH, it had effective magnetic properties compared with other
magnetic materials, making it possible to apply in a separation system
for water treatment facilities. Fig. 3 demonstrates the morphological
characteristics of ULDH (Fig. 3(a)), MNPs (Fig. 3(b)), MLDH (Fig. 3(c))
and CLDH (Fig. 3(d)), MNPs (Fig. 3(e)), MLDO (Fig. 3(f)). The calcination
process did not affect a change in the morphology. The ULDH and
CLDH displayed a stacked plates-like form, and the average particle
size of U was 100-150 nm. The MNPs had a globular form, and the av-
erage particle size was 30-50 nm. MLDH and MDLO had a combined
form with Mg/Al LDH and MNPs and the average particle size was
150-200 nm.

Fig. 4 shows the XPS spectra of ULDH, MNPs, MLDH and MLDO;
Fig. 4(a) presents the wide spectra of ULDH, MNPs, MLDH and MLDO.
In Fig. 4(a), Mg 2p, Al 2p, C 1s, and O1s peaks were observed in ULDH
at 50.4 eV, 74.8 eV, 285.2 eV, and 531.9 eV, respectively, and the wide
spectra of MNPs have Fe 2p;, and 2ps,, peaks at 724.7 eV and
711.2 eV. The wide spectra of MLDH and MLDO confirm the presence
of MNPs on the surface of ULDH; the XPS results correspond to the
XRD results. In the Fe 2p spectrum of MLDH and MLDO (Fig.4(b)), Fe
2py, and 2p;,, peaks were observed at 723.8 eV and 710. 3 eV, respec-
tively. The shifting of Fe 2p peaks in MLDH and MLDO suggests there is a
perceptible change in the chemical environment between ULDH and Fe
(MNPs). Fig.4(c) presents O1s spectra of ULDH, MNPs, MLDH and MLDO
at531.9eV, 530.6 eV, 532.2 eV, and 531.6 eV, respectively. The shifting
of O1s in MLDH and MLDO—in comparison with ULDH and MNPs—can
be explained as being due to electron transfer because of the positively
charged sheets of ULDH. Previous research (Zhu et al., 2015) reported
that the binding energy of O1s in mixed oxide could be decreased by
the ratio of magnetite. Consequently, the MNPs and ULDH undergo
both physical and chemical interactions to form MLDH and MLDO.

3.2. As(V) and Sb(V) removal

The effect of calcination temperature on the removal of As(V) and
Sb(V) by MLDH and MDLO was investigated based on several batch
tests. The As(V) and Sb(V) removal experiments were conducted
using ULDH, CLDH, MLDH, and MLDO (Fig. 5). Fig. 5(a) presents the
batch experiment results of As(V) and Sb(V) removal, in which ULDH
displays a removal capacity of 22.58 mg/g and 19.24 mg/g, respectively.
To compare the As(V) removal capacity of different ratios of MNPs in
MLDH and MLDO, batch removal experiments were conducted using
different ratio of MNPs (10-50 wt.%) in MLDH and MLDO tested in re-
moval experiments. In the MLDH, all samples displayed a lower removal
capacity (<30 mg/g) than the MLDO in both As(V) and Sb(V). The figure
shows that the removal capacities of As(V) and Sb(V) in MLDO dramat-
ically increased, previous studies (Goh et al., 2009; Cheng et al., 2010)
also reported that the calcination of LDH enhanced the removal ca-
pacity for anionic contaminants by the increase of potential sorption
sites in the interlayer space of LDH. The removal capacity gradually
decreased with an increase in the ratio of MNPs. This finding is due
to the fact that the removal capacity for As(V) and Sb(V) by magnetic
nanoparticles was enormously lower (<20 mg/g) than that of LDH
(>100 mg/g). Fig. 5(b) illustrates the effect of pH on the removal of
As(V) and Sb(V) by a load of 20% MNPs for MLDO. Both As(V) and
Sb(V) show that the removal efficiency decreases with an increase
in pH. In general, the removal efficiency of As(V) and Sb(V) under
basic conditions is lower than under acidic and neutral conditions
because the surface charge of MLDO has a lower positive charge
under basic conditions (point of zero charge: 9.6).

Fig. 6(a) presents the results of kinetic removal of As(V) and Sb(V)
by MLDO. The reaction rate was calculated using the pseudo-first and
-second order kinetic models, with the results summarized in Table 2.
Both kinetic models revealed a similar correlation coefficient (R?:
0.963-0.992), and the data showed that the rate constants for Sb(V) re-
moval are faster (K;: 0.034, K»: 1.87 x 10~4) than for As(V) (K;: 0.023,

Table. 1
Pseudo 1st and 2nd order kinetic parameters for As(V) and Sb(V) removal by MLDO.

Pseudo 1% order Pseudo 2™ order

Qe kl e kZ
Contaminants (mg/g) (min~') R2? (mg/g) (gmg 'min~') R?
As(V) 82.31 0.023 0.992 96.67 2.80 x 1074 0.978
Sb(V) 184.02 0.034 0.983 213.2 1.87 x 1074 0.963

K,: 2.80 x 10~ %). Therefore, MLDO was deemed to be more favorable
for As(V) removal in terms of reaction rate, which can be also explained
by its crystallographic affinity for Sb(V) (Table 1).

The isotherm experiment data was fitted by Langmuir and
Freundlich isotherm model. The constants for the Langmuir and
Freundlich models are summarized in Table 2 and Fig. 6(b), which illus-
trate the adsorption isotherm model for As(V) and Sb(V) by MLDO.
From the Langmuir isotherm, the calculated maximum adsorption ca-
pacities for As(V) and Sb(V) were 83.01 mg/g and 180.96 mg/g, respec-
tively. Both sets of data show that the Freundlich model has a better fit
than the Langmuir isotherm model, indicating that the multilayer sorp-
tion mechanism in MLDO can be more favorable than that of monolayer
sorption processes.

3.3. Removal mechanism of As(V) and Sbh(V) using MLDO

To investigate the removal mechanisms of As(V) and Sb(V) for
MLDO, the surface state of MLDO was examined using XPS, XRD, and
FT-IR after reaction with As(V) and Sb(V). In the XPS spectrum, Al2p
of MLDO with As(V) and Sb(V) was compared (Fig. 7(a)), additionally
As 3d and Sb 3d peaks were observed on the MLDO, thus confirmed
that the sorption of As(V) and Sb(V) by MLDO. In As 3d (Fig. 7(b))
and O1s with Sb 3d spectra (Fig. 7(c)), a clear sorption of As(V) and
Sb(V) are observed (Lu et al., 2015; Vithanage et al., 2015), as well as
a significant alteration of the constituents of O1s in both the As(V)
and Sb(V) samples. The binding energy of Al 2p spectra in MLDO slightly
changed by the reaction with As(V) and Sb(V) (74.0 eV to 74.4 eV). Pre-
viously, Goh et al. (2009) reported that Al and O atoms are involved in
the sorption of As(V) and Sb(V), and that the active groups of the Al sur-
face play an important role for the sorption of As(V) and Sb(V) in LDH;
possible inner-sphere complexes can be assumed to form at the AI> ™
center in MLDO. The XRD results (Fig. 7(d)) show the position of sorbed
As(V) and Sb(V) in MLDO, with the increase of the dgg3 peak indicating
that the As(V) and Sb(V) combined in the interlayer space. Interestingly,
a brandholzite-like peak was observed in the Sb(V) samples, indicating
that there is an additional complex between the magnesium and Sb(V)
(Kameda et al., 2011). The FT-IR data further revealed that the hydroxyl
peaks (3450 cm™!) were restored in both the As(V) and Sb(V) sorbed
samples (Fig. 7(e)). Although the specific As—O and Sb—O peaks can-
not be distinguished in the data, it might be expected that most forms
of As(V) and Sb(V) are present as M-OH forms in MLDO. Consequently,
As(V) and Sb(V) may be present in hydroxyl form in the interlayer
space.

Table. 2
Langmuir and Freundlich adsorption isotherm for As(V) and Sb(V) by MLDO.

Contaminants

Isotherm Equation Parameters As(V) Sb(V)

Langmuir q = qmbC/(1 + bC) qm, L (mg/g) 83.01 180.96
K. (L/mg) 0.084 1.358
R? 0.900 0.866

Freundlich (q = Ke€Vm) Kr (g/mg-L) 15.99 90.19
1/n 0.366 0.218
R? 0.987 0.991




252

S.-H. Lee et al. / Journal of Geochemical Exploration 184 (2018) 247-254

Al2p As 3d

i
oMo I
|
|

n MLIG with As(V)

(b)

~—~
>
S

. MLDO

b ML wath A V)

Intensity (a.u.)

Intensity (a.n)

TN TN e~ ] -

(c) Ols + Shid

OH"

2 MIDO

OH"

b ML with As(V)

Intensity (a.11)

70 48 46 44

80 75

83 65

Binding Encrgy (cV)

(d)

* Mg/AlLDH
=* MNPs

Intensitiy (a.u)

42

Binding Energy (eV)

(e)

40 38 36 535
Binding Energy (V)

aMno | 1
1 T ™
1 I
1 I
|
1
|
b MEDO with AV

fe. 1D with shevy

Intensity {a.w)

3450 1380

[ 0 a0

a0 350 3000 2500 2000 1500 1000

Wave mumbers (cmi')

Fig. 7. XPS spectra of MLDO for Al 2p (a), As 3d (b), O1s with Sb 3d (c), X-ray diffraction for rehydration effect of MLDO with As(V) and Sb(V) (d), change of Fourier-transform infrared

spectra by rehydration of MLDO with As(V) and Sb(V) (e).

3.4. Competitive anion effect and regenerability of MLDO

Competitive anion effects on the removal of As(V) and Sb(V) by
chloride, sulfate, nitrate, carbonate and phosphate by MLDO are
shown in Fig. 8, where it is clear that CI™ and NO3™ did not markedly in-
hibit the As(V) and Sb(V) removal. In general, divalent anions are more
competitive with As(V) and Sb(V) than monovalent anion species.
When adding CO%~ and SO3~ from 100 mg/L, the removals of As(V)
and Sb(V) were inhibited by around 15% and 10%, respectively. We
posit that the effect of CO3~ and SO3 ~ could be caused by the formation
of complexes with As(V) and Sb(V) on the MLDO surface (Lu et al.,
2015). In both As(V) and Sb(V), phosphate significantly affected the re-
moval of As(V) and Sb(V) from 100 mg/L. In addition, the ionic radii of
PO, (0.17 A) is significantly smaller than that of As(V) (0.36 A) and
Sb(V) (0.62 A) because the length of its P—O bond is shorter. Therefore,
phosphate ions have a stronger charge density than As(V) and Sb(V)
ions (Awual et al., 2011). The driving force for the removal of As(V)
and Sb(V) by MLDO can originate from the electrostatic attraction be-
tween anions and positively charged MLDO (point of zero charge:

9.6). Consequently, the presence of PO, ions can interfere with the sorp-
tion of As(V) and Sb(V) by MLDO (Fig. 9).

To consider its practical applicability, repetitive regenerability tests
of MLDO were conducted using 0.5 M NaOH and 5 M NaCl. In the first
sorption, the removal capacity of As(V) and Sb(V) by MLDO was
82 mg/g and 181 mg/g, respectively. In the first regeneration cycle, it
was observed that the removal efficiency clearly decreased for both
As(V) and Sb(V). However, the regeneration efficiency of As(V) was
maintained at about 70% for five cycles, whereas the regeneration of
Sb(V) and its regeneration efficiency significantly decreased in the
fifth cycle. In terms of As(V), the ion exchange process between As(V)
and NaOH with CI™ ions significantly affected the regeneration efficien-
cy. Notably, the Sb(V) regeneration rate can be negatively influenced by
the formation of a brandholzite-like structure between MLDO and
Sb(V); i.e., crystallization influences the sorption and desorption of
Sb(V) on LDH in MLDO, whereas MNPs do not significantly affect the
sorption and desorption because the ratio is low in MLDO. The compar-
isons of the removal capacities among MDLO and other reported mag-
netic materials are summarized in Table 3. Among these materials, our

(a) As(V): 10 mg/L I Nomul (b) Sb{(V): 10 mg/L - Normal
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100 g1 . 100 mg/L.
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Fig. 8. Competitive co-exist anion effect on the removal of As(V) (a) and Sb(V) (b) by MLDO (initial concentration of As(V) and Sb(V): 10 mg/L, anion concentration: 10, 100 and

1000 mg/L).
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Fig. 9. Regenerability of MLDO for As(V) and Sb(V) (desorption condition: 0.5 M NaOH
with 5 M NaCl, sorption condition: pH 7, dose: 0.2 g/L, initial concentration of As(V) and
Sb(V): 50 mg/L).

studies also confirmed the effective removal of As(V) and Sb(V) by
MLDO. In addition the optimized regeneration conditions in our study
increased the practical applicability of MLDO, with its high removal ca-
pacity compared to other materials.

4. Conclusion

To synthesize a novel magnetic nanocomposite, MNPs supported
calcined layered double oxide (MLDO) was successfully prepared.
The synthesized MLDO demonstrated a saturated magnetism of
21.6 emu/g, and good separation properties. SEM data revealed that
the MNPs (<50 nm) were attached onto the LDH surface (around
100 nm). The supported MNPs stably attached on the surface of LDH,
and XPS data further revealed that MNPs were chemically combined
with the LDH. The MLDO enhanced the removal capacity by increasing
the interlayer space used to implement the reconstruction process for
As(V) and Sb(V). Neutral and acidic pH conditions were found to be
more favorable for the removal of As(V) and Sb(V) than alkaline condi-
tions. In addition, Sb(V) was more rapidly removed by MLDO than
As(V), and the maximum removal capacities of As(V) and Sb(V) by
20% MLDO were 83.01 mg/g and 180.96 mg/g, respectively. Al atoms
in MLDO played an important role in the removal mechanism by
forming an inner-sphere complex, and the As(V) and Sb(V) combined
as a hydroxyl form in the interlayer space in MLDO. The regeneration
of As(V) was maintained at around 70% for five cycles using 0.5 M
NaOH and 5 M Na(l solutions. Although the Sb(V) regeneration was

Table 3
Comparison of removal capacity among MDLH and other reported magnetic materials.

Removal capacity

Target Material (mg/g) pH Ref.

As(V) Sawdust/MnFe,0, 88.9 7.0 Podder and Majumder (2016)
composite
ZVI-resin 125 6.5 Duetal. (2013)
composite
Zn/Fe LDH 151.0 7.0 Luetal (2015)
Fe-Cu binary oxide 82.7 7.0 Changetal. (2013)
MLDO 83.0 7.0 This study

Sb(V) Potassium ferrate  129.0 6.5 Lanetal. (2016)
Zero valent iron 39.8 7.1 Lietal (2015)
Fe-Mn binary 169.4 5.0 Luetal. (2015)
oxide
Zn/Fe LDH 122.0 7.0 Luetal (2015)
MLDO 180.9 7.0 This study

limited for two cycles (~50%), the high Sb(V) removal capacity over-
came the disadvantage of regenerability. Consequently, MLDO could
be an economical option for the removal system of As(V) and Sb(V) in
water treatments considering competitive effect, maximum sorption
capacity and regeneration rate, based on both magnetic separability.
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