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Hierarchical core–shell Fe3O4@Mg3Al–CO3 layered double
hydroxide (LDH) as an efficient magnetic adsorbent was prepared and investigated for the adsorption of anionic dye under ambient conditions. The material was thoroughly characterized by a variety of spectroscopic methods, which indicate
that it was composed of spherical Fe3O4 (ca. 330 nm) core
with a vertically aligned Mg3Al-CO3 layered double hydroxide shell coating. Calcination of Fe3O4@Mg3Al–CO3 LDH at
400 °C gives a layered double oxide coated Fe3O4 nanoparticles (Fe3O4@Mg3Al–CO3 CLDH), which is shown to be an
efficient magnetic adsorbent for removal of the anionic dye,
C.I. Acid Yellow 219 (AY219) from aqueous solution under
ambient conditions. The adsorption of AY219 from aqueous

solution utilizes the “memory effect” of LDHs by which the
calcined LDH can be reconstructed by intercalation of AY219
in water. During the multi-cycling tests, a stable adsorption
capacity of 1024 mg/g was achieved after 3 cycles, which is
the highest value among all reported magnetic dye adsorbents. We also demonstrate that the core-shell structure
played a great role for the superior performance of
Fe3O4@Mg3Al–CO3 CLDH, as its performance was much
better than a control hybrid mixed phase Fe3O4/Mg3Al–CO3
LDH. This research suggests that Fe3O4@Mg3Al–CO3 LDH
adsorbent is a promising candidate for the treatment of
wastewater contaminated by anionic dyes.

1. Introduction

methods. Anaerobic,[8] aerobic and aerobic–anaerobic combination methods are representative biological ways.[9] And
adsorption,[10–12] membrane separation, and magnetic separation[13–16] are traditional physical treatments. Among
these methods, adsorption is a promising strategy as it has
advantages such as easy control of the reacting condition,
and convenient recycling of the useful adsorbed species
such as heavy metals, organic compounds, and exhaust
gases.[17–19] Typically, the components of the adsorbent and
the operating conditions have great impact on the adsorption process. However, it is difficult to separate and recycle
most adsorbents after adsorption, restricting the practical
application of conventional adsorbents. Thus, in order to
decrease the cost and increase their economic benefits, it is
necessary to develop novel adsorbents which are easy to be
separated and have high adsorption capacity.
Layered double hydroxides (LDHs), are a group of multifunctional materials which have been widely used in recent
years in the fields of catalysis,[20,21] biology,[22,23] magnetic
and optical materials.[24,25] LDHs and their calcination
products (CLDHs) can be used as broadly effective adsorbents due to their structure, tunable composition, and nanometer particle size. Ahmed et al.[26] synthesized MgFe–CO3
LDH via a separate nucleation and aging method for the
removal of dye Congo Red (CR). The adsorption capacity
for CR by MgFe–CO3 LDH was found to be 104.6 mg/g
within a 30 min contact time. Guo et al.[27] prepared MgFe–

With the rapid development of modern industry, the consumption of industrial water is increasing rapidly. Textile
processing, a pillar industry in many countries, contributes
a significant fraction of the water consumption, and causes
severe environment problems because of the discharge of
dye wastewater. Therefore, it is important to develop effective methods for dye wastewater treatment. Previously, various dye wastewater treatment technologies have been investigated, which can be divided into chemical, biological and
physical methods. Electrochemical,[1] photochemical and
catalytic oxidation,[2,3] Fenton and class-Fenton oxidation,[4,5] and ozone oxidation[6,7] are typical chemical
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Table 1. Summary of adsorption capacity of LDHs and CLDHs for dye removal from aqueous solution.
Adsorbent[a]

Dyes

Mg3Al–NO3 LDH
Mg2Al–CO3 LDH
Mg2Al–SDBS LDH
Mg3.1~4.4Al–CO3 LDH
Mg2Al–SDS LDH
Mg2Al–CO3 LDH
Mg2Al–SDS LDH
Mg2Al–SDS LDH
Mg2Al–SDBS LDH
Mg2Al–SDS LDH
Mg2Al–SDS LDH
Mg2Al–SDS LDH
Mg2Al–DGLN LDH
Mg3Al–CO3 LDH
Mg2Al–SDS LDH
Mg2Al–DGLN LDH
ZnAl–PW10Mo2 LDH
Zn2Al–NO3 LDH
Co3Al–NO3 LDH
Ni3Al–NO3 LDH
Ni3Fe–LDH/bacteria
Ni3Fe–CO3 LDH
Mg3Fe–CO3 LDH
MgFe–CO3 LDH
NiCoAl–LDH/MWCNT
CaAl–NO3 LDH
ZnMgAl–CO3 LDH
Mg3Al–CO3 CLDH
Mg3Al–CO3 CLDH
Mg3Al–CO3 CLDH
Mg2Al–CO3 CLDH
Mg3Al–CO3 CLDH
MgFe–CO3 CLDH
Mg3Fe–CO3 CLDH
Zn3Al–CO3 CLDH
Mg3Fe–CO3 CLDH
MgNiAl–CO3 CLDH
Au/ZnAl–CO3 CLDH
Fe3O4/MgAl LDH
Fe3O4/MgAl CLDH
Fe3O4/ZnCr LDH
Fe3O4/MgAl LDH
Fe3O4/ZnCr LDH
Fe3O4@Mg3Al-CO3 CLDH

Brilliant red X-3B
Congo red
Safranine
Acid blue 9
Safranine
Acid red 1
Acid red GR
Basic blue
Brilliant blue R
Disperse red 3B
Brilliant blue R
Reactive yellow 4GL
Pigment blue 14
Brilliant red K-2BP
Direct blue G-RB
Victorial blue B
Methylene blue
Acid red 97
Brilliant red X-3B
Brilliant red X-3B
Methylene blue
Direct blue 53
Congo red
Acid orange
Acid red 14
Sunset yellow FCF
Methyl orange
Acid red G
Remazol red 3BS
Acid green 68:1
Benzopurpurine 4B
Acid orange 10
Acid orange
Remazol red 3BS
Methyl orange
Acid brown 14
Methyl orange
Methyl orange
Reactive red
Acid flavine 2G
Methyl orange
Congo red
Methyl orange
Acid yellow 219

Adsorption capacity [mg/g]

Equilibrium time [min]

48.0
37.2
40.5
60.3
83.3
108.0
137.3
165.1
204.1
249.2
357.1
392.9
415.0
657.5
707.8
1064.0
30.9
299.5
18.6
42.6
5.2
20.0
104.6
128.6
196.1
398.4
683.9
93.1
134.4
154.8
417.4
665.0
72.1
104.3
181.9
370.0
375.0
627.5
97.0
172.4
240.2
253.0
528.0
1392

150
60
180
⬍ 1440
240
60
30
30
90
30
90
30
30
240
30
30
250
180
150
150
120
45
15
720
60
45
60
150
180
600
45
120
540
180
120
50
80
120
30
240
60
30
150
30

Reference
Zhang et al.[53]
Shan et al.[48]
Bouraada et al.[35]
Auxilio et al.[32]
Bouraada et al.[35]
Shan et al.[48]
Wu et al.[51]
Wu et al.[51]
Bouraada et al.[36]
Wu et al.[51]
Bouraada et al.[36]
Wu et al.[51]
Wei et al.[50]
Li et al.[40]
Wu et al.[51]
Wei et al.[50]
Bi et al.[33]
Xue et al.[52]
Zhang et al.[53]
Zhang et al.[53]
Liu et al.[41]
Saiah et al.[44]
Ahmed et al.[27]
Bentouami et al.[11]
Khodam et al.[30]
Sá et al.[43]
Zheng et al.[55]
Tong et al.[49]
Asouhidou et al.[31]
Santos et al.[45]
Setti et al.[46]
Extremera et al.[29]
Bentouami et al.[11]
Asouhidou et al.[31]
Ni et al.[42]
Guo et al.[28]
Boudiaf et al.[34]
Zhang et al.[54]
Shan et al.[47]
Jiao et al.[39]
Qian et al.[37]
Shan et al.[47]
Chen et al.[38]
this work

[a] LDH’s given as M2+M3+-anion and their calcination products (CLDHs). SDS = sodium dodecylsulfate, DGLN = direct blending
scarlet, SDBS = sodium dodecylbenzenesulfonate.

CO3 LDH through a co-precipitation method and found
that the adsorption capacity for Acid Brown 14 by MgFe–
CO3 LDH and MgFe–CO3 CLDH was 41.7 and 370.0 mg/
g, respectively. Extremera et al.[28] prepared Mg/Al–CO3
CLDH and found that the adsorption capacity for Acid
Orange 10 was 665 mg/g after 120 min. Khodam et al.[29]
studied an LDH–carbon nanotube composite (NiCoAl–
LDH/MWCNTs) and found that the capacity of Acid Red
14 adsorption was 196.1 mg/g after 60 min. Table 1 shows
some other LDHs and CLDHs adsorbents for the adsorption removal of dyes.[11,27–54] However, as the size of adsorbent particles decreases, separation using physical methods,
such as filtration or centrifugation, becomes more difficult
and time-consuming.
Magnetic materials may offer a good solution to the
problem of separation as the magnetic and non-magnetic
Eur. J. Inorg. Chem. 2015, 4182–4191

materials can be easily separated using an applied magnetic
field. A recent new research area has immerged to design
LDH-based magnetic adsorbents for dye removal. Shan et
al.[55] obtained Fe3O4/MgAl LDH and found its adsorption
capacity for Reactive Red and Congo Red within 30 min is
97 and 253 mg/g, respectively. Jiao et al.[47] fabricated
Fe3O4/MgAl CLDH as an adsorbent for Acid Flavine 2G,
and it displayed an adsorption capacity of 172.4 mg/g after
240 min, with an adsorption efficiency of 85 % after 5 recycles. Qian et al.[39] synthesized a magnetic Fe3O4/ZnCr
LDH adsorbent from electroplating wastewater and pickling waste liquor via a two-step microwave hydrothermal
method for removal of Methyl Orange, with a maximum
adsorption capacity of 240.16 mg/g within 60 min. Moreover, Chen et al.[37] fabricated the Fe3O4/ZnCr LDH adsorbent with Fe3O4 nanoparticles (ca. 10 nm) distributed
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on the surface of ZnCr LDH. This material exhibited an
adsorption capacity of 528 mg/g for Methyl Orange within
150 min and a decomposition ratio of ca. 95 % for Methylene Blue under UV irradiation. For the LDHs based magnetic adsorbents, the major issue is to how to further increase their adsorption capacity, adsorption kinetics, and
recyclability. Materials with a core–shell architecture have
attracted significant investigation due to their unique morphology and properties, they show promise in applications
such as catalysis, drug delivery, protein separation, and
wastewater treatment and so on.[38,56] Therefore, we propose that, by combining the excellent adsorption performance of LDHs and the magnetism of Fe3O4, a Fe3O4@LDH
core–shell type adsorbent should be promising magnetic
separation system.
However, up to date, the LDH based magnetic core-shell
adsorbents for dye removal have not been reported yet. In
this study, we report a facile synthesis of a hierarchical
core–shell Fe3O4@Mg3Al–CO3 LDH as magnetic adsorbent for the anionic dye AY219 under ambient conditions
in aqueous solution. The synthesis procedure is shown in
Figure 1(a). After growing the LDH platelets on the Fe3O4
cores, the Fe3O4@Mg3Al–CO3 LDH core–shell particles
were separated using a permanent magnet, that way any
unattached Mg3Al–CO3 LDH nanoparticles could be removed. The influences of synthesis parameters such as the
adsorption temperature, synthesis time (aging time), synthesis temperature (aging temperature), and the ratio of methanol/water on the adsorption ability of the particles were
studied. Finally, the performance of this new core–shell adsorbent was evaluated during multi-cycles and compared
with a control hybrid type adsorbent containing mixed
phases of Fe3O4 and Mg3Al–CO3 LDH.

Figure 1. (a) The synthetic strategy of Fe3O4@Mg3Al–CO3 LDH,
(b) Molecular structure of the dye AY219.

2. Results and Discussion
2.1 Structural and Morphological Characterizations
The synthesized Fe3O4 nanoparticles were first characterized using XRD analysis, as shown in Figure 2. The
characteristic Bragg diffraction peaks of Fe3O4 were clearly
seen at 2θ values of 18.3° (111), 30.1° (220), 35.4° (311),
37.0° (222), 43.0° (400), 53.4° (422), 70.9° (620), and 73.9°
(533), which could be indexed to the typical spinel unit cell,
Eur. J. Inorg. Chem. 2015, 4182–4191
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indicating the obtained sample was well-crystallized cubic
magnetite phase (ICDD NO. 19-0629).[21] No impurity
crystalline phases were observed in this sample. XRD
analysis confirmed the successful synthesis of Fe3O4 core.
The morphology and particles size of synthesized Fe3O4
were observed using SEM and TEM analyses. Figure 2 (b–
d) clearly shows that the synthesized Fe3O4 nanoparticles
possess a spherical morphology, with an average particle
size of ca. 330 nm. It also indicates that the Fe3O4 nanoparticles are highly dispersed, which is very suitable for the
further growth of LDH on their surface. Both SEM and
TEM images indicated that the Fe3O4 nanoparticles are
very even in size, with a narrow particle size distribution
within 300–350 nm.

Figure 2. (a) XRD pattern, (b, c) SEM images, and (d) TEM image
of synthesized Fe3O4 nanospheres.

Figure 3 (a and b) shows the XRD patterns of
Fe3O4@Mg3Al–CO3 LDH samples with different aging
time and aging temperatures, respectively. The characteristic
Bragg diffraction peaks of Fe3O4 (ICDD NO. 19-0629) at
2θ values of 18.3° (111), 30.1° (220), 35.4° (311), 37.0°
(222), 43.0° (400), 53.4° (422), 70.9° (620), and 73.9° (533),
and the characteristic Bragg diffraction peaks of Mg3Al–
CO3 LDH phase (ICDD NO. 35-0965) at 2θ values of 11.3°
(003), 22.8° (006), 34.7° (012), 39.1° (015), 46.4° (018), and
60.6° (110) were clearly seen, which suggest that the obtained sample is composed of both crystalline Fe3O4 and
LDH phases.[21] For the obtained Fe3O4@Mg3Al–CO3
LDH samples, the aging time and aging temperature
showed negligible effects on the positions and relative intensities of the diffraction peaks. By varying the aging time
ranging from 24 to 48 h and the aging temperature ranging
from 30 to 90 °C, all samples resulted in similar XRD patterns. In order to determine the structure composition,
TEM and SEM analyses were also carried out. Figure 4 (a–
e) depicts the TEM images of Fe3O4@Mg3Al–CO3 LDH
synthesized with the same methanol/water of 1:1, but differnt aging temperature of 30, 60 and 90 °C, or aging time
of 24, 36 and 48 h. The images clearly show that all the
Fe3O4 nanoparticles were fully coated with Mg3Al–CO3
LDH platelets to form a well core-shell structure. And all
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the samples synthesized with the methanol/water of 1:1
showed SEM images similar to that in Figure 4 (f), which
shows that silt-shaped pores were created by the vertical
alignment of LDHs nanoplates. In conclusion, we demonstrated that the structure of Fe3O4@Mg3Al–CO3 LDH was
not significantly influenced by the aging time and aging
temperature according to the XRD, SEM, and TEM data
as long as the methanol/water ratio was kept at 1:1.

Figure 3. XRD patterns of Fe3O4@Mg3Al–CO3 LDH synthesized
with (a) different aging time (24, 36, and 48 h), and (b) different
aging temperatures (30, 60, and 90 °C).

However, the ratio of methanol/water appears to have
significant influence on the composition and morphology
of the Fe3O4@Mg3Al–CO3 LDH materials. The intensity
of the Bragg diffraction peaks of LDH increased with the
decrease in the methanol/water ratio, which indicates that
the crystallinity of Mg3Al–CO3 LDH increased with the decrease in methanol/water ratio. This might be because the
presence of more water facilitates the formation of bulk
LDH. However, the TEM analysis suggests that higher
crystallinity does not means its well growth on Fe3O4 core.
For the successful preparation of Fe3O4@Mg3Al–CO3
LDH core-shell structure, an optimal methanol/water ratio
is required. Otherwise, LDH prefers to form bulk nanoparticles, rather than the vertical growth of LDH on Fe3O4
core. Figure 5 (b–f) show the TEM images of
Fe3O4@Mg3Al–CO3 LDH synthesized with different methanol/water ratios of 3:1, 1:1, 1:3, 1:9, and 0:1, respectively.
When the ratios were 3:1, 1:3, 1:9, and 0:1, only a small
amount of Mg3Al–CO3 LDH had been grown on the surface of Fe3O4 particles. In contrast, when the methanol/
water ratio was 1:1, the Fe3O4 core was fully decorated with
Mg3Al–CO3 LDH platelets, forming a well ordered coreEur. J. Inorg. Chem. 2015, 4182–4191

Figure 4. TEM images of Fe3O4@Mg3Al–CO3 LDHs synthesized
with the same methanol/water ratio of 1:1 but different aging temperatures or aging time, (a) 30 °C, 24 h, (b) 60 °C, 24 h, (c) 90 °C,
24 h, (d) 60 °C, 36 h, (e) 60 °C, 48 h, and (f) SEM image of
Fe3O4@Mg3Al–CO3 LDH synthesized with the methanol/water of
1:1, aging time of 24 h, and aging temperature of 60 °C.

shell structure. Thus, it can be concluded that the ratio of
methanol/water is crucial for the successful preparation of
Fe3O4@Mg3Al–CO3 LDH with well core-shell structure.
However, the mechanism by which the methanol/water ratio
affects the chemical composition and morphological structure of Fe3O4@Mg3Al–CO3 LDH core-shell material is still
unclear, and this will require more in-depth investigation.
Then, the magnetic property of the synthesized Fe3O4
and Fe3O4@Mg3Al–CO3 adsorbent was studied using vibrating sample magnetometer (VSM) measurements at
room temperature (25 °C) with swept magnetic field between –20 and 20 kOe (1 Oe = 103/4p A/m = 79.59 A/m).
The magnetization curves displayed in Figure 6 show a nonlinear and reversible behavior with an almost immeasurable
magnetic hysteresis loop at 25 °C, with no observable
remnant magnetization. When the applied magnetic field
was removed, the retentivity (Mr) for Fe3O4 and
Fe3O4@Mg3Al–CO3 LDH was ca. 7.51 and 0.67 emu/g,
respectively, which was consistent with a super paramagnetic character.[57] Compared with Fe3O4 (91.2 emu/g), the

4185

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.eurjic.org

FULL PAPER

Table 2. Specific surface area, pore diameter, and total pore volume
of Fe3O4, Fe3O4@Mg3Al–CO3 LDH, and Fe3O4@Mg3Al–CO3
CLDH.
Samples

Specific
surface
area [m2/g]

Pore
diameter
[nm]

Total pore
volume
[cm3/g]

Fe3O4
Fe3O4@Mg3Al–CO3 LDH
Fe3O4@Mg3Al–CO3 CLDH

12.4
116.5
146.3

3.5
3.5 and 52
3.5 and 56

0.07
0.89
1.08

Figure 5. (a) XRD patterns of Fe3O4@Mg3Al–CO3 LDH with different ratios of methanol/water (3:1, 1:1, 1:3, 1:9, and 0:1). TEM
images of Fe3O4@Mg3Al–CO3 LDH with different ratios of methanol/water (b) 3:1, (c) 1:1, (d) 1:3, (e) 1:9, and (f) 0:1.

magnetic saturation (Ms) value of Fe3O4@Mg3Al–CO3
LDH decreased to 10.2 emu/g, which mainly due to the
non-magnetic Mg3Al–CO3 LDH shell coating on the surface of Fe3O4 core. When placed in a strong magnetic field,
the magnetic adsorbent particles could be magnetized, leading to the efficient magnetic separation of the adsorbent
from solution, as demonstrated in the inset of Figure 6.

Figure 6. Magnetization curves of Fe3O4 and Fe3O4@Mg3Al–CO3
LDH measured at room temperature. The inset shows a demonstration of the separation of adsorbent from solution using a magnet.

The specific surface area and the pore structure of Fe3O4,
Fe3O4@Mg3Al–CO3 LDH, and Fe3O4@Mg3Al–CO3
CLDH were analyzed by N2 adsorption and desorption isotherms at 77 K, as shown in Table 2 and Figure 7. Neat
Eur. J. Inorg. Chem. 2015, 4182–4191

Figure 7. The N2 adsorption–desorption isotherms and the corresponding pore size distributions of (a) Fe3O4, (b) Fe3O4@Mg3Al–
CO3 LDH, and (c) Fe3O4@Mg3Al–CO3 CLDH.
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Fe3O4 showed a very low specific surface area of 12.4 m2/g
and a small pore volume of 0.07 cm3/g. The inset of Figure 7 (a) shows the pore size distribution of Fe3O4, which
indicates that Fe3O4 possesses some nano-sized pores (ca.
3.5 nm). While, the specific surface area of both
Fe3O4@Mg3Al–CO3
LDH
(116.5 m2/g)
and
Fe3O4@Mg3Al–CO3 CLDH (146.3 m2/g) was significantly
increased due to the vertical growth of LDH nanoplates
on the Fe3O4 surface. And the pore volume was obviously
increased as well, which was 0.89 and 1.08 cm3/g for
Fe3O4@Mg3Al–CO3 LDH and Fe3O4@Mg3Al–CO3
CLDH, respectively. These data show that the vertical
growth of LDH and the calcination treatment can create
much more surface area and pore volume for the samples.
In contrast to neat Fe3O4, the pore size distribution of both
Fe3O4@Mg3Al–CO3 LDH and Fe3O4@Mg3Al–CO3
CLDH showed bimodal curves, see the insets of Figure 7
(b and c). The small pores at ca. 3.5 nm came from Fe3O4
core, and the large pores at ca. 52–56 nm were attributed to
the LDH shell. Figure 7 (b and c) show the N2 adsorption–
desorption isotherms of Fe3O4@Mg3Al–CO3 LDH and
Fe3O4@Mg3Al–CO3 CLDH, both of which showed a H3
type hysteresis loop, suggesting that the pores were produced by the aggregation of plate-like particles. The siltshaped pores were also confirmed by the SEM analysis, see
Figures 4 (f) and Figure 10 (c).

2.2 Application in Wastewater Dye Adsorption
By utilizing the unique “memory effect” of LDHs,
Fe3O4@Mg3Al–CO3 LDH could be used as a multifunctional adsorbent for anionic dye adsorption. Figure 8(a)
shows the Scheme of phase evolution of the Mg3Al–CO3
LDH shell during calcination, dye adsorption, and regeneration. The layered structure of Mg3Al–CO3 LDH collapses
upon calcination at 400 °C for 5 hours, forming an amorphous-like mixed oxide. During the adsorption process, the
anionic dye AY219 intercalates into the interlayer of layered
double oxide (LDO), restoring the LDH layered structure.
The saturated adsorbent could be regenerated by thermal
treatment. The above mentioned structure evolution was examined using XRD analysis, as shown in Figure 8 (b). The
characteristic Bragg diffraction peaks of Fe3O4 and Mg3Al–
CO3 LDH were observed in the Fe3O4@Mg3Al–CO3 LDH
sample. However, most of these Bragg peaks disappeared
after calcination, suggesting that its structure was destroyed
under high temperature. Simultaneously, Fe3O4 changed
into α-Fe2O3 phase with Bragg peaks at 2θ values of 24.2°
(012), 33.2° (104), 35.6° (110), 40.9° (113), 49.5° (024), 54.1°
(116), 57.6° (018), and 62.4° (214) (ICDD NO. 33-0664)
and a γ-Fe2O3 phase with the diffraction peaks at 2θ values
of 30.1° (220) and 35.4° (311).[21] The Bragg diffraction
peaks at 2θ values of 43.0° (220) and 62.2° (220) represent
the formation of periclase MgO phase [Mg(Al)O] which
disappeared after AY219 adsorption, suggesting that the
LDH layer structure rebuilt again.[58] After the adsorption
of anionic dye, the inter-layer spacing was enlarged from
Eur. J. Inorg. Chem. 2015, 4182–4191
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0.78 to 1.07 nm (2θ = 7.88°) due to the intercalation of
larger dye molecules. After thermal treatment of the saturated adsorbent at 400 °C, it turned into a similar XRD
pattern of fresh adsorbent (calcined Fe3O4@Mg3Al–CO3
LDH), suggesting that the adsorbent can be completely regenerated.

Figure 8. (a) Scheme of the phase evolution of the Mg3Al–CO3
LDH shell during calcinations, dye adsorption and regeneration.
(b) XRD patterns of (i) regenerated adsorbent, (ii) adsorbent after
dye adsorption, (iii) fresh adsorbent, (iv) Fe3O4@Mg3Al–CO3
LDH, and (v) Mg3Al–CO3 LDH. (c) FTIR spectra of (I) regenerated adsorbent, (II) adsorbent after dye adsorption, (III) dye
AY219, (IV) Fe3O4@Mg3Al–CO3 LDH, and (V) Fe3O4.

The utilization of the “memory effect” of LDH for the
adsorption of dye was also confirmed by the FTIR analysis.
The FTIR spectrum of Fe3O4@Mg3Al–CO3 LDH [Figure 8
(c)] exhibits broad, strong adsorption bands centered at
3450 cm–1 and 1640 cm–1 which may be attributed to the
ν(O–H) stretching of the hydroxyl groups and H2O molecules. The adsorption at 2358 cm–1 was due to the CO2
background of the measurement system.[45,59] Compared
with pure Fe3O4, the band for Fe–O of Fe3O4@Mg3Al–CO3
LDH at 587 cm–1 was greatly weakened, suggesting the prepared materials may had a core-shell structure and the absorption of Fe–O lattice of Fe3O4 phase should be therefore
shielded by the external LDH layer. The band at 1383 cm–1
corresponded to CO32– and/or NO3–, a band at 870 cm–1
was attributed to a vibrational mode of the CO32– anions,
and the presence of a band at 649 cm–1 corresponds to
either Mg–O and/or Al–O vibrations.[45,60] The successful
adsorption of AY219 on the adsorbent was confirmed by
the appearance of some weak bands from the dye (marked
with arrows). In addition, the existence of a new band at
1369 cm–1 indicated that carbonate ions were also inserted
into the LDH layers when the adsorbent was immersed in
the dye solution. In conclusion, the XRD and FTIR data
demonstrated that Fe3O4@Mg3Al–CO3 LDH was capable
of working as a regenerable dye adsorbent thanks to the
unique “memory effect” of the LDO/LDH coating.
For its practical applications, several important parameters have to be optimized. For instance, the influences of
the initial concentration of AY219, adsorption temperature,
aging time, aging temperature, methanol/water ratio, and
calcinations temperature on the adsorption efficiency of
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AY219 (AEC) have been systematically investigated. Figure 9 (a) depicts the influence of the initial concentration of
AY219 on the AEC of Fe3O4@Mg3Al–CO3 CLDH adsorbent. When the initial concentration of AY219 was 300 mg/
L, the AEC increased sharply within the first 5 min, and
then rose slowly and reached equilibrium after 40 min. An
AEC of approximately 100 % was achieved after 40 min,
with an adsorption capacity of ca. 900 mg/g. After increasing CAY219 to 500 and 700 mg/L, the AEC started to
slightly decrease after reaching its highest efficiency. This
phenomenon might be due to the release of adsorbed dye

FULL PAPER

when the concentration was too high. With CAY219 =
500 mg/L, the AEC and adsorption capacity was improved
to 92.8 % and 1392 mg/g after only 10 min, respectively.
However, with CAY219 = 700 mg/L, the AEC started to decline, which was ca. 89 % after 20 min. Figure 9 (b) shows
the influence of adsorption temperature on the AEC of
Fe3O4@Mg3Al–CO3 CLDH adsorbent. Similar AEC and
equilibrium time were needed at 20, 25, 30, and 35 °C, indicating that the adsorption temperature played a minor role
on the adsorption process in the range of 20–35 °C. Figure 9 (c–d) indicates that neither aging time nor aging tem-

Figure 9. The effects of different variables on the dye adsorption efficiency (dosage of adsorbent = 0.1 g). (a) Initial concentration of
AY219 (300 mL), (b) adsorption temperature (500 mg/L, 300 mL), (c) aging time (500 mg/L, 300 mL), (d) aging temperature (500 mg/L,
300 mL), (e) ratio of methanol/water (300 mg/L, 300 mL), (f) calcination temperature (500 mg/L, 300 mL), (g) ionic strength (500 mg/L,
300 mL), and (h) initial pH of AY219 solution (500 mg/L, 300 mL).
Eur. J. Inorg. Chem. 2015, 4182–4191
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perature had an obvious effect on the performance of the
Fe3O4@Mg3Al–CO3 CLDH adsorbent. The AEC of all
samples increased sharply within the first 5 min and
reached equilibrium (AEC = 92.8 %) after 30 min. These
results were consistent with the XRD, SEM, and TEM results as shown in Figures 3 and 4. These data also suggest
that the growth of the LDH shell on the Fe3O4 core is very
fast. And Figure 9 (e) shows the influence of methanol/
water ratio on AY219 removal. All samples exhibited in a
similar trend with a rapid initial uptake and a stable subsequent stage. The sample synthesized with the methanol/
water of 1:1 showed the best performance for dye removal,
with a final AEC of 99.9 % after 30 min. However, all other
samples only resulted in an AEC of 85 %–88 %. We believe
that the difference of their performance should be due to
their difference in structural composition and morphology
as shown in Figure 5. The sample prepared with methanol/
water ratio of 1:1 possesses more vertically aligned Mg3Al–
CO3 LDH on the surface of Fe3O4 core than all other samples, providing more surface area for dye adsorption. Therefore, keeping the methanol/water ratio at 1:1 during the synthesis of Fe3O4@Mg3Al–CO3 LDH is one of the key parameters for better performance.
Figure 9 (f) shows the AEC of Fe3O4@Mg3Al–CO3
CLDH as a function of the calcination temperature of
Fe3O4@Mg3Al–CO3 LDH. After 5 min, the AEC of adsorbents obtained at 200, 300, and 400 °C was 70 %, 85 %,
and 91 %, respectively. Within the first 40 min, the sample
calcined at 400 °C showed the highest AEC. In addition,
the adsorption rate of the adsorption with Fe3O4@Mg3Al–
CO3 LDH calcined at 200 °C was the slowest, even failed
to reach equilibrium after 60 min, see Figure 9 (f). Moreover, dye wastewater normally contains certain amount of
inorganic salts such as NaCl, thus the influence of ionic
strength on the adsorption of dye is of great importance.
Figure 9 (g) shows that the AEC only slightly decreased by
increasing the concentration of NaCl from 0.001 to 0.1 mol/
L, suggesting that the influence of ionic strength is negligible. The influence of pH of the AY219 solution was also
evaluated in the range of 6.5–9.5, as shown in Figure 9 (h).
The AEC only slightly decreased when the pH was very
high (10.65), demonstrating that the Fe3O4@Mg3Al–CO3
CLDH adsorbent possesses good stability and practical applicability.
The AEC of Fe3O4, Fe3O4@Mg3Al–CO3 LDH and
Fe3O4@Mg3Al–CO3 CLDH were compared in Figure 10
(a). It is obvious that Fe3O4 had no adsorption at all and
the AEC of Fe3O4@Mg3Al–CO3 LDH was only ca. 37 %,
which is much smaller than that of Fe3O4@Mg3Al–CO3
CLDH (ca. 92 %). This phenomenon suggests that the
“memory effect” of the Fe3O4@Mg3Al–CO3 CLDH adsorbent is the main reason for the adsorption. The importance of the core-shell structure of Fe3O4@Mg3Al–CO3
CLDH was studied by comparing with hybrid Fe3O4/
Mg3Al–CO3 CLDH (Fe3O4 randomly mixed with LDH),
as shown in Figure 10 (a). Two samples resulted in a similar
trend with a rapid initial uptake within first 20 min. However, it is apparent that the AEC of core-shell
Eur. J. Inorg. Chem. 2015, 4182–4191
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Fe3O4@Mg3Al–CO3 CLDH adsorbent was much better
than that of hybrid Fe3O4/Mg3Al–CO3 CLDH adsorbent.
To explain the difference of the AEC between these two
materials, FE-SEM analysis was carried out, as shown in
Figure 10 (b–c). For hybrid Fe3O4/Mg3Al–CO3 CLDH, it
is obvious that only little Mg3Al–CO3 LDH were observed
on the surface of Fe3O4 nanoparticles, see Figure 10 (b).
However, for core-shell Fe3O4@Mg3Al–CO3 CLDH, the
Fe3O4 nanoparticles were fully covered by petal-like vertically aligned Mg3Al–CO3 LDH, see Figure 10 (c). This data
further demonstrated that the structure plays a great role
for the superior performance of Fe3O4@Mg3Al–CO3
CLDH adsorbent, which is consistent with the conclusion
made from the study on methanol/water ratio.

Figure 10. (a) Comparison of the activity of Fe3O4,
Fe3O4@Mg3Al–CO3 LDH, core-shell Fe3O4@Mg3Al–CO3 CLDH
and hybrid Fe3O4/Mg3Al–CO3 CLDH, (b) SEM image of hybrid
Fe3O4/Mg3Al–CO3 LDH material, (c) SEM image of core-shell
Fe3O4@Mg3Al–CO3 LDH material, and (d) recycling activity test
of Fe3O4@Mg3Al–CO3 CLDH adsorbent (0.5 g of adsorbent,
500 mg/L, 1500 mL).

Finally, the performance of this magnetic core-shell
Fe3O4@Mg3Al–CO3 CLDH adsorbent during adsorptionregeneration multi-cycles was studied, as shown in Figure 10(d). Although the AEC was initially reduced from
90.5 % to 73.2 % after 3 cycles, the adsorption capacity was
still as high as ca. 1098 mg/g (gadsorbent/gdye = 0.67). And
the adsorption capacity kept almost unchanged from the
3rd–6th cycles, with a stable value of 1024 mg/g. This is the
highest adsorption capacity for dye removal among all the
reported magnetic adsorbents. Previously, the highest reported value even in the first run was only ca. 528 mg/g
(Methyl Orange adsorption with Fe3O4/ZnCr–LDH), and
no recycle results were provided in that work.[38,47] Therefore, the hierarchical core–shell Fe3O4@Mg3Al–CO3
CLDH magnetic adsorbent prepared in this work is very
promising prospect for wastewater treatment containing anionic dyes.
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3. Conclusion
In summary, magnetic Fe3O4@Mg3Al–CO3 LDH adsorbents with core–shell structure were prepared by in-situ
growth of LDH nanoplatelets on the surface of Fe3O4
nanospheres. The obtained materials were characterized
using a range of analytical techniques including XRD,
SEM, TEM, FTIR, and VSM. These techniques indicated
that the LDHs were vertically aligned on the surface of the
Fe3O4 nanospheres. This three-dimensional core–shell
architecture has a large surface area and is suitable for anionic dye wastewater treatment. Furthermore, the presence
of the super paramagnetic core in the microspheres allows
them to be isolated by means of an external magnetic field,
facilitating their recycling and reuse. The results indicated
that the methanol/water ratio had an influence on the structure and morphology of Fe3O4@Mg3Al–CO3 LDH more
than aging time and aging temperature. We also demonstrated that the core-shell structure played a great role for
the superior performance of Fe3O4@Mg3Al–CO3 CLDH,
as its performance was much better than the control hybrid
type adsorbent (Fe3O4 mixed randomly with Mg3Al–CO3
LDH). The magnetic adsorbent also showed good recyclability. During the multi-cycling tests, a stable adsorption
capacity of 1024 mg/g was achieved after 3 cycles, which is
the highest value among all reported magnetic dye adsorbents. Thus, the research provides a magnetic hierarchical
core–shell Fe3O4@Mg3Al–CO3 LDH adsorbent which is a
promising candidate for dye wastewater treatment.
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“memory effect” of LDHs, the Mg/Al ratio was deliberately chosen
as 3. This value is very close to the Mg/Al ratio in the naturally
formed hydrotalcite, which makes its structure relatively more
stable than the LDHs with other Mg/Al ratios. Specifically, 0.20 g
of Fe3O4 nanospheres were dispersed into a 200 mL of methanol/
water solution (Vmethanol/Vwater = 1:1), a suspension was formed
after 15 min of ultrasonic vibration. 200 mL of alkaline solution
containing 3.20 g of NaOH and 2.56 g of NaCO3 in methanol/
water solution (Vmethanol/Vwater = 1:1) was then dropped into the
suspension until the pH = 10. Another 200 mL of methanol/water
solution (Vmethanol/Vwater = 1:1) containing 4.62 g of Mg(NO3)2·
6H2O and 2.25 g of Al(NO3)3·9H2O (MMg/MAl = 3:1) was added
into the suspension using a peristaltic pump with vigorous stirring.
The pH was maintained at 10 by adding an alkaline solution simultaneously using another peristaltic pump. The titration process
lasted for a minimum 40 min. The slurry was aged at 60 °C for 24 h
and the product was separated by using a magnet. After washing
with deionized water for 3–4 times and acetone for 1–2 times
respectively, the product was then dried at 60 °C for 24 h. By controlling the methanol/water ratio, aging temperature, and aging
time, different series of core-shell Fe3O4@Mg3Al–CO3 LDH could
be obtained. A series of products were obtained when the methanol/water ratio was 3:1, 1:3, 1:9 and 0:1, with an aging temperature of 60 °C, and an aging time of 24 h. Similarly, another series
of products was obtained when the reaction mixture was aged at
30 or 90 °C for 24 h, or 60 °C for 36 or 48 h with the methanol/
water ratio of 1:1.
Synthesis of Fe3O4/Mg3Al–CO3 LDH Mixture: A mixture of
Fe3O4/Mg3Al–CO3 LDH phases was synthesized using a similar
procedure to that of core-shell Fe3O4@Mg3Al–CO3 LDH. The only
difference is that the magnetic separation step was skipped, which
means that the product consists both bulk Mg3Al–CO3 LDH and
core-shell Fe3O4@Mg3Al–CO3 LDH.

4. Experimental Section
4.3 Materials Characterization

4.1 Materials
General: All reagents were of analytical pure grade except for the
dye AY219, which was industrial grade purchased from Jinhua
Company. CH3COONa·3H2O(NaAc·3H2O), FeCl3·6H2O, Mg(NO3)2·6H2O and Al(NO3)3·9H2O were obtained from Xi Long
Chemical Corporation, while ethylene glycol(EG), NaOH, NaCO3,
CH3OH, C2H5OH and acetone were obtained from Beijing Chemical Works. The chemical structure of the dye AY219 is shown in
Figure 1 (b).
4.2 Synthesis of Samples
Synthesis of Fe3O4: Fe3O4 nanoparticles were prepared via a modified solvothermal method.[61] Typically, FeCl3·6H2O (8.15 g) and
NaAc·3H2O (21.6 g) were dissolved in 150 mL of ethylene glycol
(EG) to form a homogeneous solution with intensive stirring, in
which the concentration of FeCl3·6H2O was 0.02 mol/L. The solution was then transferred into a teflon lined stainless autoclave
(200 mL) and heated at 200 °C for 8 h, and cooled to room temperature immediately. The precipitate in the autoclave was poured
into a beaker, and separated using a permanent magnet. After rinsing with deionized water and ethanol for 3 times, the solid was
dried at 60 °C for 12 h. The Fe3O4 particles had a diameter of ca.
330 nm.
Synthesis of Core–Shell Fe3O4@Mg3Al–CO3 LDH: Core-shell
Fe3O4@Mg3Al–CO3 LDH was synthesized by co-precipitation
method through nucleation and growth of Mg3Al–CO3 LDH on
the surface of the Fe3O4 nanoparticles. In order to fully utilize the
Eur. J. Inorg. Chem. 2015, 4182–4191

Powder X-ray diffraction (XRD) analyses were performed using
a Shimadzu XRD-7000 diffractometer with Cu-Kα radiation (λ =
1.5418 Å, 40 kV, 30 mA). Diffraction patterns were recorded in the
range of 2θ = 5–80° with a step size of 0.02°. The field emission
scanning electron microscopy (FE-SEM) measurements were carried out on a Hitachi SU8000 detector. Transmission electron microscopy (TEM) images were taken on a Hitachi-800 transmission
electron microscope with AMT camera system. The Fourier transform infrared spectroscopy (FT-IR) spectra were recorded by a
Bruker Vector-22 FT–IR spectrophotometer by using KBr pellet
method. Magnetic properties of the samples were tested on a JDM–
13 vibrating sample magnetometer (VSM). Brunauer–Emmett–
Teller (BET) specific surface area of the materials was determined
from nitrogen gas adsorption–desorption (SSA-7300) at the boiling
point of liquid nitrogen (–196 °C). Pore size distribution was estimated from the adsorption branch of the isotherm by the Barrett–
Joyner–Halenda (BJH) method.
4.4 Adsorption Performance Tests
For each adsorption performance test, 0.10 g of adsorbent obtained by calcining Fe3O4@Mg3Al–CO3 LDH at 400 °C for 5 h was
added into 300 mL of a model anionic dye contaminated
wastewater. The concentration of AY219 in the model anionic dye
wastewater was controlled at 300, 500, and 700 mg/L. A stirrer was
used during the adsorption process to ensure complete mixing of
adsorbents and the solution. The removal efficiency of dye AY219
was monitored using a UV/Vis spectrophotometer at a wavelength
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of 390 nm. For each measurement, about 3 mL sample was taken
out by filtration using a membrane (0.45 μm) at regular intervals.
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