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Nanocomposites containing magnetic iron oxide (magnetite) nanoparticles and layered double hydroxide (LDH) nanosheets
were prepared by two different methods, exfoliation-reassembly and coprecipitation, for aqueous chromate adsorbent. According
to X-ray diffraction, scanning electron microscopy, and atomic force microscopy, both nanocomposites were determined to
develop different nanostructures; LDH nanosheets well covered magnetite nanoparticles with house-of-cards-like structure in
exfoliation-reassembly method, while coprecipitation resulted in LDH particle formation along with magnetite nanoparticles.
Zeta-potential measurement also revealed that the magnetite surface was effectively covered by LDH moiety in exfoliation-
reassembly comparedwith coprecipitation. Time, pH, concentration dependent chromate adsorption tests, andmagnetic separation
experiments exhibited that both nanocomposites effectively adsorb and easily collect chromate. However, exfoliation-reassembly
nanocomposite was determined to be slightly effective in chromate removal by ∼10%. Chromate adsorbed nanocomposites could
be regenerated by treating with bicarbonate and the regenerated nanocomposites preserved ∼80% of chromate adsorption efficacy
after three times of recycling.

1. Introduction

Fabrication of nanocomposites is a subject of great impor-
tance in developing functional nanomaterials such as cat-
alysts [1], nanomedicines [2], electronic materials [3], and
pollutant scavenger [4]. Various kinds of nanomaterial com-
ponents, such as 0-dimensional particles [5], 1-dimensional
tubes [6] or fibers [7], and 2-dimensional nanosheets [8], have
been utilized to fabricate nanocomposites having various
functionalities. Especially, 2-dimensional nanosheets have
attracted interests to prepare nanocomposites for catalysts
[9], electrodes [10], and energy storage [11], due to their
high specific surface area, unusual physicochemical prop-
erty resulting from anisotropic structure, and controllable
compositions. Among the 2-dimensional nanosheets, layered
double hydroxides, LDHs: M(II)1−𝑥M(III)𝑥(OH)2(A

𝑛−)𝑥/𝑛 ⋅
𝑚H2O, (M(II): divalent metal cation; M(III): trivalent metal

cation; A𝑛−: anionic species with 𝑛− charge, 0 < 𝑥 <
1; 𝑚: interlayer water quantity) have been widely studied
in biomedical or environmental applications, as they have
been reported to have biocompatibility [12], high anionic
exchange capacity [13], tunable composition [14], and easy
surface modification property [15]. As examples of LDH-
based environmental remediation, nanoscale LDH reported
by Goh et al. and hydrothermally prepared LDH reported
by Wang et al. exhibited potential as chromate adsorbents
with maximum efficacy of 33.8 and 12.15mgCr(VI)/g LDH,
respectively [16, 17]. Yu et al. studied the removal ofAs(V) and
Cr(VI) withMgAl-LDHwhose three-dimensional hierarchi-
cal structure affected removal efficiency showing maximum
∼150mgCr(VI)/g LDH and ∼200mgAs(V)/g LDH [18].

Despite the high adsorption capacity of LDHs on pollu-
tants, there still remain drawbacks for practical application:
difficulties in collection after pollutant treatment and low
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recyclability. Collection of adsorbents is a crucial factor in
pollutant scavenger, especially for water treatment, in terms
of preventing secondary pollution and recycling adsorbents.
In this way, two strategies, introduction of magnetic prop-
erties to the LDHs [19–21] and fabrication of monoliths
containing LDH moieties [22], have been suggested for
easy collection. The first strategy, introduction of mag-
netic property to adsorbents, has been often reported due
to effectiveness of magnetic separation. For this purpose,
magnetic nanoparticles (Fe3O4) are generally utilized to
fabricate nanocomposite with LDH. For instance, MgAl-
LDH nanoparticles were in situ grown onmagnetic CoFe2O4
nanoparticles through coprecipitation byDeng et al. [19].The
nanocomposite showed chromate removal efficacy of ∼50mg
Cr(VI)/g adsorbent at 200 ppm chromate solution as well as
preserved adsorption capacity up to 6 repeated adsorption
tests. Similarly, ZnAl-LDH was introduced on magnetic
Fe3O4 nanoparticles by coprecipitation [20], showing ∼
20mgCr(VI)/g adsorbent at 800 ppm chromate solution.
Another literature reported MgAl-LDH/Fe3O4 nanocom-
posites prepared by coprecipitation, representing adsorption
efficacy of ∼60mg dye (reactive red)/g adsorbent [21]. The
other strategy of monolith fabrication has been scarcely
reported. From our previous study, monolith-type nanocom-
posites having uniformly distributed MgAl-LDH nanopar-
ticles in agarose scaffold have been developed for aqueous
chromate removal, exhibiting ∼100mgCr(VI)/g adsorbent
[22].

In this study, we are going to prepare nanocomposites
consisting of magnetic Fe3O4 nanoparticles and MgAl-LDH
nanosheets for potential chromate removal in water treat-
ment. For this purpose, we applied two different strategies
in preparing nanocomposites: coprecipitation of MgAl-LDH
on Fe3O4 nanoparticles as reported in other literatures [19–
21] and exfoliation-reassembly of MgAl-LDH nanosheets on
Fe3O4 nanoparticles. The former technique is widely studied
in LDH-based adsorbent; on the other hand, there are a
few literatures for the latter. In fact, exfoliation-reassembly
is often utilized strategy in preparing nanoparticle-graphene
composites for catalyst or energy storage materials [23,
24]. As LDH has 2-dimensional structure-like graphite,
exfoliation-reassembly can be applied for nanocomposites of
Fe3O4 nanoparticles and LDHs. Materials characterization
such as crystal structure, particle morphology, and surface
charge on two kinds of nanocomposites will be described.
In order to examine chromate removal capability of both
nanocomposites, contact time, pH, and concentration of
chromate solutions were chosen as parameters. Furthermore,
we collected nanocomposites by a magnet and repeated
chromate adsorption test three times to evaluate recyclability
of nanocomposites.

2. Materials and Methods

2.1. Materials. Magnesium nitrate hexahydrate (Mg(NO3)2⋅
6H2O), aluminum nitrate nonahydrate (Al(NO3)2⋅9H2O),
sodium bicarbonate (NaHCO3), ferric chloride hexahydrate
(FeCl3⋅6H2O), ferrous chloride tetrahydrate (FeCl2⋅4H2O),
and potassium chromate (K2CrO4) were purchased from

Sigma-Aldrich Co. LLC. (St. Louis, MO, USA). Sodium
hydroxide (NaOH) and ammonia water (NH4OH) were
purchased from Duksan Pure Chemicals Company (Ansan,
Korea). The deionized water (DI water) in all experiments
was purified by Human Power II+Water Purification System
(Human Corporation, Seoul, Korea).

2.2. Preparation of Magnetite (Fe3O4) Nanoparticles. For the
preparation of magnetite nanoparticles (Mag), mixed iron
precursor (0.0263mmol of FeCl3⋅6H2O and 0.0132mmol
of FeCl2⋅4H2O) was dissolved in DI water (300mL) with
vigorous stirring at 50∘Cand then 32mLof ammonia solution
(6.64M) was quickly added. After formation of black pre-
cipitates, the reactant was subjected to microwave treatment
(2 minutes) for facilitated crystallization. Thus, obtained
magnetite nanoparticles were centrifuged at 3500 rpm for 10
minutes, washed with DI water/acetone (1/1 v/v%) 3 times,
and then dried in vacuo.

2.3. Preparation of Magnetite @ Layered Double Hydroxide
(Mag@LDH) Nanocomposites with TwoDifferentMethods ((1)
Exfoliation-Reassembly (ER) and (2) Coprecipitation (CO)).
First of all, magnetite powder (0.5 g) was dispersed in
10mLDI water through ultrasonication for 20 minutes.

2.3.1. Mag@LDH Nanocomposites via Exfoliation-Reassembly
Method (Mag@LDH-ER). MgAl-LDH precursor was syn-
thesized by conventional coprecipitation. Briefly, mixed
metal nitrate solution (0.063mol of Mg(NO3)2⋅6H2O and
0.0315mol Al(NO3)2⋅9H2O) was titrated to pH of ∼9.5 with
alkaline solution (0.21mol of NaOH) under vigorous stirring
andN2 purging.Thewhite precipitates were aged for 24 hours
and then washed 4 times utilizing centrifugation (10000 rpm,
10minutes) and decarbonated water. LyophilizedMgAl-LDH
powder (0.5 g) was dispersed in 500mL formamide and
stirred for 24 hours under N2 purging in order to exfoliate
LDH nanolayers as previously reported [25].

To introduce LDH nanosheets on magnetite, 10mL
of magnetite suspension (50mg/mL) was put into 50mL
of NaHCO3 solution (0.006mol) and excess reactant was
removed by centrifugation. Carbonate adsorbed magnetite
suspension was then located in 50mL of exfoliated LDH
colloid (1mg/mL) to introduce LDHnanosheets on carbonate
adsorbed magnetite. The above two steps were repeated
10 times to increase LDH moiety on magnetite. The final
product was washed thoroughly with DI water and lyophil-
ized.

2.3.2. Mag@LDHNanocomposites via CoprecipitationMethod
(Mag@LDH-CO). As-prepared magnetite suspension was
sequentially treated with alkaline solution (0.0007mol of
NaHCO3 and 0.0013mol ofNaOH in 15mL) andmixedmetal
solution (0.0043mol of Mg(NO3)2⋅6H2O and 0.0022mol
Al(NO3)3⋅9H2O in 20mL) to promote coprecipitation of
LDH on magnetite surface. At each step, centrifugation was
utilized to separate solid part. The above steps were repeated
10 times to increase LDH moiety as in ER method. The
obtained nanocomposite was collected by centrifugation and
washed with DI water and lyophilized.
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2.4. Characterization. The crystal structures of magnetite,
MgAl-LDH, and two kinds of Mag@LDH nanocomposites
were investigatedwithD2 phaser X-ray diffractometer (XRD)
with Ni-filtered Cu-K𝛼 radiation (𝜆 = 1.5406 Å) manufac-
tured by Bruker AXS (Billerica, MA, USA). To identify
primary particle size and morphology, scanning electron
microscopy (SEM; FEI Quanta 250 FEG, FEI Company,
Hilsboro, OR, USA) measurement was carried out. Each
sample was suspended in EtOH (0.01 wt/v%) and a drop of
suspension was put on cleaned silicon wafer and dried in
vacuum. Then, each sample was treated with Pt/Pd plasma
for 1 minute and images were collected by 30 kV accelerated
electron beam. For atomic force microscopy (AFM, NX10,
Park Systems, Suwon, Korea), 0.00001 wt/v% of EtOH sus-
pension was utilized and suspension was dropped on silicon
wafer as described in SEM specimen preparation. Thickness
and surface line profile of samples were obtained with in
noncontact mode. Surface roughness (𝑅𝑎) of each nanocom-
posite was calculated with Park system AFM XEI software.
The zeta-potential values of pristine LDH and nanocom-
posites at pH 7 were investigated by ELSZ-1000 (Otsuka
Electronics Co., LTD., Hirakata, Japan) with disposable cell at
25∘C. Specific surface area was measured by N2 adsorption-
desorption isotherm with BELSORP-mini II (MicrotracBEL
Corp., Osaka, Japan). Quantification of nanocomposite was
carried out by inductively coupled plasma-optical emission
spectrometer (ICP-OES; OPTIMA 7300 DV, Perkin Elmer,
Waltham, MA, USA) after fully digesting sample with 10M
HCl solution.

2.5. Evaluation of Chromate Removal Efficacy on Mag@LDH
Nanocomposites with Respect to Contact Time, pH, and
Concentration of Chromate Solution. For the time-dependent
chromate adsorption experiments, each nanocomposite
(100mg of Mag@LDH-ER or Mag@LDH-CO) was dispersed
into 50mL of chromate solution (50, 100, and 200 ppm of ini-
tial concentration) and then gently shaken by Orbital Shaker
SH30 (FINEPCR, Gunpo, Korea) at 25∘C. At the time points
0, 0.5, 1, 2, 3, 4, 6, 12, and 24 hours, nanocomposites were col-
lected bymagnetic separation and chromate concentration in
supernatant was quantified with ultraviolet-visible spectro-
photometer (UV-Vis; Shimadzu UV-1800, Shimadzu Corpo-
ration, Kyoto, Japan) at 𝜆max = 372 nm. In order to evaluate
pH effect on chromate adsorption, initial pH of chromate
solution (initial concentration of 50 ppm) was set to 2, 4, 5, 7,
9, and 11 utilizing 0.1MHCl or 0.1MNaOHsolution, and then
100mg of nanocomposites was dispersed into the solution.
After 24 h, equilibriumpHand adsorbed amount of chromate
was evaluated with pHmeter andUV-Vis spectrophotometer,
respectively.

2.6. Regeneration and Recyclability Test. To evaluate appli-
cability of nanocomposites in practical water treatment, the
regeneration and recyclability of nanocomposites in chro-
mate removal were evaluated. In order to detach adsorbed
chromate, chromate adsorbed nanocomposites were treated
with NaHCO3 solution (0.05M, 50mL) under stirring at
room temperature for 6 hours. Thus, regenerated nanocom-
posites were collected by magnet and lyophilized. Then, the
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Figure 1: X-ray diffraction patterns of (a) MgAl-LDH, (b) mag-
netite, (c) Mag@LDH-ER, and (d) Mag@LDH-CO, respectively.

chromate adsorption experiment in Section 2.5 was repeated.
Three cycles of adsorption test were carried out.

3. Result and Discussion

3.1. Characterization of Pristine LDH, Magnetite, and Two
Nanocomposites, Mag@LDH-ER and Mag@LDH-CO. In
order to identify the crystal structure of LDH, magnetite,
and their nanocomposites, XRD patterns were obtained
(Figure 1). In Figure 1(a), the pristine MgAl-LDH showed
well-developed (00l) diffraction indicating stacking of 2-di-
mensional nanosheets. Along with (00l) peaks, lattice peaks
such as (012), (015), (018), and (110) at 35.0, 38.1, 45.0,
and 61.3∘ suggested successful development of hydrotalcite
(JCPDS number 14-0191) phase as intended.TheXRDpattern
of Fe3O4 (Figure 1(b)) exhibited six characteristic peaks of
inverse spinel structure of magnetite (JCPDS number 19-
0629): (220), (311), (400), (422), (511), and (440) at 30.0, 35.1,
42.9, 54.0, 57.0, and 61.8∘, respectively. The nanocomposite
betweenmagnetite and LDH through exfoliation-reassembly,
Mag@LDH-ER, only exhibited peaks of magnetite without
those of LDH (Figure 1(c)). Random stacking of delaminated
LDH nanosheets on magnetite surface was thought to
result in reduction of crystallinity. Similar phenomenon was
reported elsewhere; exfoliation-reassembly of layered nano-
materials in the presence of nanoparticles forms house-of-
cards structure resulting in the loss of layered XRD patterns
[26, 27]. On the other hand, Mag@LDH-CO showed both
X-ray diffraction patterns from LDH ((003) and (006): closed
circles in Figure 1(d)) and magnetite ((220), (311), (400),
(422), (511), and (440): closed triangles). It is expected that
coprecipitation of LDH on magnetite resulted in ordered
crystal growth rather than random stacking of nanosheets.
XRD patterns containing both nanoparticle and LDH phase
were reported in the synthesis of CoFe2O4@MgAl-LDH
through coprecipitation [19].

According to SEM image (Figure 2), LDH and magnetite
particles were determined to have irregular shape with
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Figure 2: Scanning electron microscopic images of (a) MgAl-LDH, (b) magnetite, (c) Mag@LDH-ER, and (d) Mag@LDH-CO, respectively.

average diameters ∼50 nm and ∼30 nm, respectively.The sur-
face morphology of Mag@LDH-ER was smooth compared
with that of Mag@LDH-CO which showed agglomeration
of small particles. Such smooth surface of nanoparticles has
been reported in the nanocomposite between nanoparticles
and nanosheets, suggesting house-of-card structure devel-
oped by reassembled nanosheets [26, 28].

In order to observe lateral size, thickness, and roughness
of single particles, AFM images were obtained with diluted
nanocomposites compared with SEM specimen (Figure 3).
In Figures 3(a) and 3(b), Mag@LDH-ER had ∼300 nm
diameter and ∼90 nm thickness, and Mag@LDH-CO had
∼350 nm diameter and ∼40 nm thickness. The surface of
Mag@LDH-ER was determined to be less rough (𝑅𝑎 =
7.67 nm) than Mag@LDH-CO (𝑅𝑎 = 11.68 nm), which was
corresponding to SEMobservation.This result suggested that
the LDH nanosheets covered magnetite nanoparticles in ER-
nanocomposite, whereas both LDH and magnetite nanopar-
ticles were homogeneously mixed in CO-nanocomposite.

3.2. Quantification and Physicochemical Property Evaluation
on Nanocomposites. In order to determine chemical
formulae of two nanocomposites, we quantified metal
content through ICP-OES. As summarized in Table 1, the

chemical formulae of Mag@LDH-ER and Mag@LDH-
CO were [Mg2.52Al(OH)6.75(CO3)0.5][Fe3O4] and
[Mg1.81Al(OH)5.62(CO3)0.5]0.82[Fe3O4], respectively, suggest-
ing that slightly more LDH moiety was introduced by ER
method. However, active adsorption site (Al3+) per g nano-
composite was fairly similar for Mag@LDH-ER and
Mag@LDH-CO. Specific surface area values were deter-
mined: 97.4 and 122.4m2/g for Mag@LDH-ER and
Mag@LDH-CO, respectively.

The average zeta-potential values were +20.78 and
+9.52mV for Mag@LDH-ER and Mag@LDH-CO, show-
ing more positive surface charge on ER-nanocomposite.
As shown in Figure 4, pristine LDH had highly positive
charge (+42.21mV), while magnetite had negative charge
(−34.33mV). Supposing that the LDHs sufficiently cover
magnetite surface, the negative surface charge of mag-
netite would be camouflaged. The zeta-potential graph of
Mag@LDH-CO lay from −50 to +50mV, clearly showing
negatively charged region. In ER method, LDH nanosheets
covered magnetite surface effectively to form particle-plate
nanocomposite, as the nanosheets had larger lateral dimen-
sion (∼50 nm) than magnetite’s diameter (∼30 nm). On the
other hand, LDH nanoparticles formed in CO method were
thought to be more particle-like rather than plate, which
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Figure 3: Atomic force microscopic 3D images and corresponding line profiles of (a) Mag@LDH-ER and (b) Mag@LDH-CO, respectively.
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Figure 4: Zeta-potential distribution patterns for (a) MgAl-LDH, (b) magnetite, (c) Mag@LDH-ER, and (d) Mag@LDH-CO.
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Figure 5: Time-dependent chromate adsorption amount (mg chromate/g nanocomposite) at different initial chromate concentrations for (a)
Mag@LDH-ER and (b) Mag@LDH-CO.The experiments were carried out at pH ∼ 7.

Table 1: Quantification results and physicochemical properties of (a) Mag@LDH-ER and (b) Mag@LDH-CO.

Sample Chemical formulae Al3+/nanocomposite (mol/g) Specific surface area (m2/g) Zeta potential (mV)
(a) [Mg

2.52
Al(OH)6.75(CO3)0.5][Fe3O4] 0.0022 97.4 +20.78

(b) [Mg
1.81

Al(OH)5.62(CO3)0.5][Fe3O4]1.22 0.0021 122.4 +9.52

resulted in particle-particle nanocomposite between LDH
and magnetite. The evolution of LDH phases in XRD (Fig-
ure 1), rough surface (Figures 2 and 3), and larger specific
surface area of Mag@LDH-CO also corresponded to this
hypothesis.

3.3. Evaluation of Chromate Removal Efficacy of Nanocompos-
ites (Mag@LDH-ER and Mag@LDH-CO). Time-dependent
chromate removal test at different initial chromate concen-
trations (50, 100, and 200 ppm) was carried out for both
nanocomposites and the results were displayed in Figure 5.
The amount of adsorbed chromate increased according to
the initial concentration of chromate. Saturated chromate
removal efficacy of Mag@LDH-ER at equilibrium time (∼24
hours) was 17.30, 34.71, and 54.68mgCr(VI)/g nanocompos-
ite at 50, 100, and 200 ppm of chromate solution, respectively.
The removal efficacy of Mag@LDH-CO at 24 h was deter-
mined to 16.07, 31.83, and 50.65mgCr(VI)/g nanocomposite
at 50, 100, and 200 ppm of chromate, respectively. These
results showed that the chromate removal efficacies of current
nanocomposites were comparable or higher than previous
reports as we described in Introduction [16, 17]. Furthermore,
considering that the current nanocomposites have less than
50wt% of LDH content, the chromate removal ability of LDH
moiety in the nanocomposites is thought fairly high.

Although the time and concentration dependent chro-
mate removal of two nanocomposites seemed similar,

Mag@LDH-ER had approximately 10% larger chromate
adsorption ability than Mag@LDH-CO (Table 2). It should
be noted that, in the adsorption of LDH, both positive charge
sites (Al3+) and specific surface area values affected adsorp-
tion ability. FromTable 1, we could calculate thatMag@LDH-
CO had 5% less positive sites but 25% larger surface area
per gram than Mag@LDH-ER. Thus, the higher adsorption
was expected with Mag@LDH-CO, which was not the case
in our study. This discrepancy could be explained by the dif-
ferent nanostructure and surface charge of two nanocompos-
ites. Mag@LDH-ER, in which LDH well covered magnetite
nanoparticles to havemore positive surface charge, facilitated
chromate approach to the nanocomposites compared to
Mag@LDH-CO, resulting in better chromate adsorption.

To analyze the adsorption rate in the overall adsorption
process of chromate onto nanocomposites, the experiment
data was fitted using pseudo-first-order (1) and pseudo-
second-order kinetic (2) [29] models, with the respective
kinetics equations defined as follows:

log (𝑄𝑒 − 𝑄𝑡) = log𝑄𝑒 −
𝑘1
2.303
𝑡, (1)

𝑡

𝑄𝑡
=
1

𝑘2𝑄
2
𝑒

+
1

𝑄𝑒
𝑡. (2)

(𝑄𝑒 (mg/g) and 𝑄𝑡 (mg/g) are the amounts of chromate
adsorbed at equilibrium time at any instant of time, 𝑡, resp.,
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Figure 6: Effect of initial solution pH on Cr(VI) adsorption and equilibrium pH for (a) Mag@LDH-ER and (b) Mag@LDH-CO. The
experiments were carried out at initial chromate concentration of 50 ppm. The photographs in the right side represent adsorption and
separation of each nanocomposite at pH ∼ 7.

and 𝑘1 (min−1) and 𝑘2 (g(mg−1min−1)) are the rate constant of
pseudo-first-order and pseudo-second-order kinetic model,
resp.)The kinetic constants, 𝑘1 and 𝑘2, were determined from
the slope of the linear plot of log (𝑄𝑒 − 𝑄𝑡) versus 𝑡 and 𝑡/𝑄𝑡
versus 𝑡, respectively. As represented in Table 2, the correla-
tion coefficient (𝑅2) obtained from the pseudo-second-order
kineticmodel (𝑅2 ≥ 0.99) was higher than that obtained from
the pseudo-first-order model (𝑅2 was in the range of 0.91–
0.98), suggesting that the adsorption of chromate onto adsor-
bents followed pseudo-second-order kinetic. According to
literatures [29], the rate determining step of LDH is chemical
adsorption through sharing or exchange of electrons between
the adsorbents and chromate rather than physical adsorption.
𝑘2 values were similar for both nanocomposites, suggesting
that the adsorption of both nanocomposites were mediated
by LDH-based chromate adsorption. However, the overall
adsorption amount was thought to be dependent on zeta-
potential value of nanocomposite, showing better adsorption

on Mag@LDH-ER. According to time-dependent chromate
adsorption study, we verified that the adsorption reached
equilibrium after 24 hours.

Solution pH plays an important role in chromate adsorp-
tion owing to its effect not only on the degree of chromate spe-
ciation [30] but also on surface charge of the adsorbents. Fig-
ure 6 showed the results of chromate adsorption by nanocom-
posites with the initial solution pH ranging from ∼2 to ∼11 at
initial solution concentration of 50 ppm. Equilibrium pHwas
fairly similar to initial pH above pH 7 and lower than initial
value below pH 7. The pH raising at acidic condition was
attributed to the basic property of LDH moiety. The amount
of chromate removal was highly dependent on pH showing
gradual decrease from 20.83 (pH ∼ 2) to 6.57mg/g (pH ∼ 11)
for Mag@LDH-ER and 20.45 (pH ∼ 2) to 6.34mg/g (pH ∼
11) forMag@LDH-CO.Chromate can have various speciation
like H2CrO4, HCrO4

−, CrO4
2−, and Cr2O7

2−; at low pH,
HCrO4

− and Cr2O7
2− are prevalent, while CrO4

2− becomes
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Table 2: Adsorption parameters and kinetic fitting results for (a) Mag@LDH-ER and (b) Mag@LDH-CO.

Sample Initial concentration (ppm) Adsorbed amount (mg Cr(VI)/g
nanocomposite) Pseudo-first-order Pseudo-second-order

𝐶0 𝑄𝑒 𝑘1 𝑅2 𝑘2 𝑅2

(a)
50 17.30 0.003 0.96 0.052 0.99
100 34.71 0.001 0.98 0.030 0.99
200 54.68 0.002 0.93 0.018 0.99

(b)
50 16.07 0.003 0.96 0.053 0.99
100 31.83 0.002 0.96 0.031 0.99
200 50.65 0.003 0.91 0.019 0.99
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Figure 7: Adsorbed amount of chromate on Mag@LDH-ER and
Mag@LDH-COat each recycling step.The experiments were carried
out at initial chromate concentration of 200 ppm, pH ∼ 7.

majority above pH 7 [30]. According to the isoelectric point
∼9 of LDH [31], the anionic adsorption ability of LDH could
be significantly affected by the pH condition. At low pH, less
negative chromate species likeHCrO4

− exists, but highly pos-
itive surface charge of LDH can result in facilitated adsorp-
tion. The pH dependent property of chromate and LDH
resulted in efficient chromate removal at low pH region. From
the photographs in Figure 6, it was clearly observed that the
adsorbent was quickly separated from the aqueous solution
by an external magnet after adsorption process. Compared to
previous reports [19, 20], these results showed that prepared
nanocomposites can be considered to use as a good chromate
removal materials with maintaining their magnetic property.

In order to utilize prepared nanocomposites into actual
application, chromate adsorption test was repeated three
times. For recycling nanocomposites, chromate was desorbed
from the nanocomposites by treating in NaHCO3 solution
(0.05M, 50mL) under stirring at room temperature for 6
hours. From Figure 7, it was found that the adsorbed amount
of chromate on nanocomposite remained high (∼80%)
even in the third-regeneration cycle, although the adsorbed

amount was slightly higher in Mag@LDH-ER at every recy-
cling stage. This result suggested that the nanocomposites
have the potential use as recyclable chromate scavenger in
water treatment.

4. Conclusion

Nanocomposites consisting of magnetite nanoparticles and
LDH nanosheets were prepared via two different method-
ologies. One is reassembly of exfoliated LDH nanosheets
on magnetite nanoparticles (ER), and the other is genera-
tion of LDH on magnetite nanoparticles (CO), termed as
Mag@LDH-ER and Mag@LDH-CO, respectively. According
to XRD, SEM, AFM, and zeta-potential measurement, it was
identified that LDH nanosheets covered surface of magnetite
effectively in Mag@LDH-ER nanocomposite. On the other
hand, LDH nanoparticles formed in CO method coexist
with magnetite to make larger lumps than pristine particles.
For evaluation of chromate removal efficacy, contact time,
pH, and concentration of chromate solutions were set as
adsorption parameters. Mag@LDH-ER and Mag@LDH-CO
showed maximum adsorption amount of 54.68 and 50.65mg
Cr(VI)/g nanocomposite after 24 hours, suggesting slightly
enhanced adsorption efficacy of ER-nanocomposite. Both
nanocomposites showed similar pH dependent chromate
adsorption behavior, decreasing adsorption upon increasing
pH. Kinetic and pH dependent studies revealed that LDH
was the major adsorption sites for chromate in the nanocom-
posites. Easy collection and regeneration of both Mag@LDH
nanocomposites were shown and adsorption capability was
preserved ∼80% during three times of recycling. In conclu-
sion, we could suggest that magnetite@LDHnanocomposites
prepared by either coprecipitation or exfoliation-reassembly
can be applied to the environmental remediating scavenger
with recyclability.
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