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ABSTRACT

Three core/shell/shell MgAl-LDH composites using Fe;O4 microspheres as the core, a SiO, matrix as the inner
layer and a MgAl-LDH layer as the outer shell have been synthesized for the removal and recovery of phosphate
and fluoride from water by a magnetic separation technique. The synthetic mesoporous MgAl-LDH composites
show good magnetic separability, well-defined pore distributions, and have specific surface areas of 73m*g ™,
168m?g~', and 137m?g~! for Fe;0,@Si0,@LDH350, Fe;0,@Si0,@mLDH350, and Fe;0,@mSiO,@
mLDH350, respectively. The adsorption isotherms of both phosphate and fluoride on these MgAI-LDH compo-
sites can be well fitted with the Langmuir model. The maximum adsorption capacities of 57.07mgg~" and
28.51mgg~! were obtained on Fe;0,@mSiO,@mLDH350 for phosphate and fluoride, respectively, much
higher than those of other LDH-type materials. The adsorbed phosphate and fluoride could be successfully
recovered by NaNO3-NaOH solution, and the regenerated MgAl-LDH composites could be reused for phosphate
and fluoride removal. Owing to their high adsorption capacities of both phosphate and fluoride, easy magnetic
separation from solution, and good reusability, the mesoporous MgAl-LDH composites are expected to have
potential applications in removal or recovery of fluoride or phosphate from water.

* Corresponding author.
E-mail address: fhli@nuist.edu.cn (F. Li).

! Present address: Department of Geography and Environmental Science, University of Reading, Reading RG6 6DW, UK.

https://doi.org/10.1016/j.jhazmat.2019.121734

Received 16 September 2019; Received in revised form 19 November 2019; Accepted 20 November 2019

Available online 21 November 2019

0304-3894/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/03043894
https://www.elsevier.com/locate/jhazmat
https://doi.org/10.1016/j.jhazmat.2019.121734
https://doi.org/10.1016/j.jhazmat.2019.121734
mailto:fhli@nuist.edu.cn
https://doi.org/10.1016/j.jhazmat.2019.121734
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2019.121734&domain=pdf

F. Li, et al.

1. Introduction

Widespread contamination of aquatic environments, leading to an
extensive pollution-induced water shortage and crisis, has been one of
the most severe global environmental issues (Eliasson, 2015). Among
all water contaminants, phosphorus and fluorine have been recognized
as the two most crucial elements in contaminated waterbodies for
decades (Ayoob and Gupta, 2006; Sharpley et al., 1994). A continuing
elevated level of phosphate in water systems, e.g., lakes, reservoirs,
promotes the overwhelming growth of photosynthetic algae and toxic
cyanobacteria, resulting in a various extent of eutrophication of
standing water bodies (Correll, 1998). For example, the cyanobacterial
blooming of Taihu Lake (Eastern China) in the summer of 2007 has
caused an enormous and abominable water crisis to the nearby cities (Li
et al., 2016). Excessive levels of fluoride in groundwater can also cause
plenty of problems for both aquatic organisms and human health
(Camargo, 2003). Therefore, the maximum contaminant level (MCL) of
fluoride in drinking water is 1.0mgL~' in China and 1.5mgL™" ac-
cording to the World Health Organization (WHO).

To date, a wide variety of technologies have been developed for the
removal and recovery of phosphorus and fluoride from water as sum-
marized in many reviews (Bhatnagar et al., 2011; Goh et al., 2008;
Loganathan et al., 2014; Morse et al., 1998). Adsorption has received
much attention for removing of both phosphate and fluoride anions due
to its cost-effectiveness, versatility, operational simplicity, and easy
handling of exhausted sorbents (Bhatnagar et al., 2011; Loganathan
et al., 2014). Sorbents play a determinative role in adsorptive removal
of soluble pollutants including phosphate and fluoride. Among the
widespread used sorbents, layered double hydroxides (LDHs) that re-
present a large family of lamellar inorganic anion exchangers have been
extensively investigated for enhanced removal of phosphate and
fluoride anions from water because of their ease of preparation, high
efficiency, and good performance of reusability (Goh et al., 2008; Cai
et al., 2012; Cheng et al., 2010; Chubar et al., 2017; Jia et al., 2018; Lv
et al., 2006; Seftel et al., 2018; Wang et al., 2007; Yan et al., 2018). For
instance, the fluoride adsorption properties of both pristine and cal-
cined Mg-Al LDHs have been studied for defluorination of drinking
water (Cai et al., 2012; Lv et al., 2006; Wang et al., 2007). Phosphate
has also shown a strong affinity and hence preferable adsorption onto a
series of LDHs (Cai et al., 2012; Cheng et al., 2010; Jia et al., 2018;
Seftel et al., 2018; Yan et al., 2018). The adsorption efficiency is a key
parameter of LDHs. Various structural modifications of LDHs including
calcination (Cheng et al., 2010; Chubar et al., 2017; Wang et al., 2007),
doping with other elements (Chubar et al., 2017; Jia et al., 2018;
Chitrakar et al., 2007), hybridizations with other composites (Yan et al.,
2018; Cai et al., 2016) were extensively used to improve the adsorption
performance of either fluoride or phosphate on LDHs.

However, because of the lamellar structure and fine particulate
characteristics of LDHs, it’s hard to achieve a high-efficient solid-solu-
tion separation after the adsorption runs, leading to an unsatisfied re-
cycling performance for adsorptive removal of phosphate and fluoride
(Ding et al., 2017; Yan et al., 2015). To address this issue, magnetite
(Fes0,4) nanoparticles (NPs) were often employed as the magnetic core
for the preparation of core/shell Fe;0,@LDHs composites for the re-
moval of aqueous pollutants with a highly efficient magnetic separation
property. Using Fe30,@SiO>@AlOOH microspheres as precursors, Shao
et al. (2012) prepared a series of core/shell/shell Fe;0,@SiO,@NiAl-
LDH microspheres via an in situ growth method. The synthetic core/
shell microspheres have shown great performance in magnetic separa-
tion of histidine-tagged protein. Zhang et al. (2013) also reported a
similar core/shell/shell Fe;0,@C@NiAl-LDH composite which ex-
hibited high efficiency in the extraction of uranium(VI) ions from
aqueous solutions. It has also shown that Fe30,@LDHs composites have
fast adsorption kinetics for phosphate removal from water. Recently,
(Ding et al., 2017) indicated that the core/shell/shell Fe;0,@SiO,@
mCeO, nanocomposite with a mesoporous CeO, outermost shell has a
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high adsorption capacity of phosphate as well as a fast adsorption rate
because of the presence of many accessible mesopores. Mandel and co-
workers found that Fe;0,@SiO>@Zr-doped LDH exhibited improved
phosphate adsorption with great reusability and further demonstrated
the feasibility of upscaling the phosphate recovery experiment to a
pilot-scale application (Mandel et al., 2013; Drenkova-Tuhtan et al.,
2013, 2017). Moreover, our earlier study has demonstrated that me-
soporous MgAI-LDHs (denoted as meso-LDHs) can be facilely prepared
via a soft-template coprecipitation method and that the synthetic meso-
LDHs has exhibited enhanced adsorption performance in both adsorp-
tion efficiency and kinetics for bromate uptake from water (Ji et al.,
2017), confirming the hypothesis that the introduction of mesopores
into LDHs can not only improve the adsorption efficiency but also ac-
celerate the adsorption rate.

To further extend this idea, in this study, we propose a facile route
of preparation of a magnetite core/mesoporous SiO, shell/mesoporous
MgAIl-LDHs shell composite for removal and/or recovery of either
phosphate or fluoride anions from the water. By using a soft-template
hydrothermal method, we synthesized a Fe304 core with a mesoporous
SiO, shell nanocomposite (denoted as Fe;0,@mSiO,) which was fur-
ther employed as the new core for preparation of core/shell/shell
composite (denoted as Fe;0,@mSiO,@mLDHs). The outer shell of
mesoporous MgAI-LDHs was anchored to the Fe30,@mSiO, by a soft-
template coprecipitation method (Ji et al., 2017). A series of core/shell/
shell nanocomposites with or without mesoporous shells have also been
prepared and evaluated for the adsorption efficiency of phosphate and
fluoride uptake from water. Moreover, the recycling performance of
these MgAI-LDH composites was also examined to explore its potential
as a cost-effective sorbent for removal or recovery of either phosphate
or fluoride anions from the water.

2. Experimental section
2.1. Materials

Magnesium nitrate hexahydrate (Mg(NO3)»6H,0, = 99%) and
aluminum nitrate nonahydrate (Al(NO3)39H,0O, = 98%) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Pluronic F127 was obtained from Sigma-Aldrich Co. (Shanghai, China).
Milli-Q water (18 MQ-cm, 25°C) was used to prepare solutions. All
other chemicals were of A.R. grade and obtained from Sinopharm
Chemical Reagent Co. Ltd. and used as received unless otherwise stated.
The phosphate stock solution (1000mgL~') was prepared by dissol-
ving a certain amount of KH,PO, (= 99%) with ultrapure water.
Likewise, the fluoride stock solution (100 mgL~!) was also made by
mixing a given amount of NaF (= 98%) with ultrapure water and both
stock solutions were stored in a lab refrigerator (4 °C) for further use.
HNO;3; and NaOH solutions (0.1 M) were used to adjust the pH values of
solutions.

2.2. Preparation of Fe30,@mSiO,@mLDHs composites

Magnetic core/shell/shell mesoporous LDHs composites were pre-
pared stepwise following a method similar to the procedure as reported
previously (Shao et al., 2012). The synthesis procedure involves three
steps: i) preparation of Fe;0,@mSiO, via a soft-template hydrothermal
method; ii) preparation of Fe;0,@mSiO,@mLDHs inorganic-organic
hybrids via the soft-template coprecipitation approach at 65 °C (Ji et al.,
2017); iii) preparation of Fe30,@mSiO,@mLDH350 composites by
calcination at 350°C (the organic template removal process). The
synthesis procedure is illustrated in Scheme 1.

Briefly, uniform magnetite microspheres were prepared following
the method as depicted previously by Shao et al.>* Then 0.1 g of Fe;0,
microspheres were ultrasonically dispersed into 50 mL HCI (0.1 M) for
10min and then separated and washed three times with deionized
water (DI H,0). The clean Fe;04 samples were then homogeneously
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Scheme 1. Schematic illustration of the preparation of Fe;0,@mSiO,@mLDH350 composite.

dispersed in a solution of ethanol (80 mL), deionized water (20 mL),
concentrated ammonia aqueous solution (1.0 mL, 28 wt.%), and cetyl-
trimethylammonium bromide (CTAB; 0.03 g, 0.082 mmol), followed by
the addition of tetraethyl orthosilicate (TEOS; 0.03 g, 0.144 mmol).
After transferring to a sealed Teflon-lined stainless autoclave (100 mL),
ageing in a oven at 100 °C for 4 h and air-cooling to room temperature,
the off-white precipitate was recovered by centrifuging at 4000 RPM,
followed by washing with hot 50% ethanol (v/v) for several times to
remove the remaining surfactant. Fe;0,@mSiO, microspheres were
obtained by drying in a vacuum at 60 °C for 6 h. For the preparation of
magnetic composites with mesoporous LDHs outer shell, 2.4 g of F127
was firstly dissolved in 120 mL of deionized water. Then, a mixture of
Mg(NO3)26H,O (12.3g, 48 mmol) and AI(NO3)39H,O (9.02g,
24 mmol) was added and stirring for 10 min to form a transparent so-
lution. 0.48 g of Fe30,@mSiO, was then added, followed by dropwise
addition of an alkaline solution (0.1 mol NaOH and 0.048 mol NaNOs in
100 mL H»0) until the pH is about 9.5. The suspension was then aged at
65°C for 18h, and the off-white precipitate was recovered by cen-
trifugation, washing with deionized water for several times, and freeze-
drying overnight. Finally, the magnetic core-shell mesoporous LDHs
composite, Fe;0,@mSiO,@mLDH350, was obtained by calcination at
350°C for 3h and air-cooling to room temperature. For comparison,
Fe30,@SiO, composites were also prepared following the previous
procedure (Shao et al., 2012). Then, using Fe30,@SiO- as the new core,
other two LDHs composites, Fe;0,@Si0,@LDH350 and Fe;0,@Si0,@
mLDH350, were also prepared following the above procedures in the
absence and presence of F127, respectively.

2.3. Characterizations

Powder X-ray diffraction (XRD) patterns of all mesoporous LDHs
composites and Fe304 were collected using on a Shimadzu XRD-6100
diffractometer with a Cu Ka radiation (A =1.54178 10\), a scan step of
0.02° and a scan rate of 5° per minutes. Fourier transform infrared
(FTIR) spectra of the LDHs composites before and after adsorption were
recorded with a Nicolet iS5 spectrometer (Thermo Fisher, USA) using
the KBr-pressed-disc method. The Brunauer-Emmett-Teller (BET) spe-
cific surface areas, and the Barrett-Joyner-Halenda (BJH) pore size
distributions of the LDHs composites were measured by N, adsorption-
desorption at —196 °C using a Quantachrome gas adsorption analyzer
(iQ-AG-MP). Prior to the measurement, the samples were degassed at
105 °C for at least 6 h. The morphological structures were investigated
on a Hitachi SU1510 Scanning Electron Microscope (SEM) at an ac-
celerating voltage of 1.5kV and a JEOL JEM-2100F Field Emission
Transmission Electron Microscope (FETEM) equipped with an OXFORD
Energy Dispersive X-ray Spectrometer (EDX). Zeta ({) potential data
were collected on a Zetasizer Nano ZS 90 apparatus (Malvern, UK)
using 10 mM of NaNOj; solution as the background electrolyte. X-ray
photoelectron spectroscopy (XPS) (PHI 5000 Versa Probe, UIVAC-PHI,
Japan) with a monochromatized Al Ka X-ray source (hv =1486.6 eV)
was employed to evaluate the surface properties of the LDHs compo-
sites before and after adsorption. The adventitious C 1s peak (284.8 eV)

was used for the calibration of the binding energy values of other ele-
ments.

2.4. Batch adsorption tests

All batch adsorption experiments were performed at atmospheric
pressure and room temperature (ca. 25 °C). The adsorption of F~ and
PO,3” on three mesoporous LDHs composites (i.e., Fe30,@SiO>@
LDH350, Fe;0,@Si0O,@mLDH350, and Fe;0,@mSiO,@mLDH350) was
investigated via three sets of batch experiments — the effects of pH and
ionic strength (IS), the effects of pH and initial adsorbate concentration
(Cy), and adsorption isotherms. The effects of pH and IS on adsorption
were examined in polyethylene centrifuge tubes sealed with screw-cap
under N, condition in the presence of 1 mM, 10 mM, and 100 mM
NaNO; background electrolyte over a range of pH values from 3 to 12.
The adsorption slurries were prepared in 10-mL polyethylene centrifuge
tubes by mixing 10 mg sorbents with an amount of phosphate or
fluoride stock solution and the background electrolyte solution, NaNO5
(1 mM, 10 mM, 100 mM), giving a total volume of 10 mL suspension
with a final concentration of 1g L™! of sorbent and 10mgL ™" of ad-
sorbates, respectively. The pH was adjusted with 0.5M or 0.1 M HNO3
or NaOH solution. Afterward, the suspensions were bubbled with N, for
5min to exclude dissolved O, and CO, and equilibrated for 24h on a
Labquake tube rotator (Thermo Scientific, USA) at 60 RPM. Then the
solid sorbents and liquid phases were separated by centrifugation at
8000 rpm for 10 min followed by filtration with 45 pm mixed cellulose
esters (MCE) membrane (Navigator, Tianjin). The concentrations of
PO,%~ and F~ in the supernatant were analyzed using the complexone
method and the vanadomolybdophosphoric acid method (Drenkova-
Tuhtan et al., 2017). The pH of solutions was measured by using an
Orion pH meter (Model 868) calibrated with standard pH 4.00, 6.86
and 9.18 buffers (Leici, Shanghai). Likewise, the effects of pH and C, on
adsorption were also performed in the presence of 2mgL™?,
10mgL~?, and 30mgL~! adsorbates (PO,>~ or F~) in a constant
background electrolyte (10 mM NaNO3) at different pH values ranging
from 3 to 12. The adsorption isotherm experiments were conducted at a
pH of 7.5 + 0.2. The sorbent dosage was fixed at 1 g/L, whereas the
concentrations of As(V) and F~ were varied in the range of
1-100mg L~

The adsorption percentage (%) and the adsorption capacity (Q, in

mg g~ 1) of sorbents were calculated by the following equations:
. Co— C.
Adsorption (%) = ——— X 100%
P Co &)
CO - Ce
=—XV
R @

where m is the mass of sorbents (in g), V is the volume of suspension (in
mL), Co and C, (in mg L™ ") are the initial and the equilibrium con-
centrations of adsorbates in the suspensions, respectively.
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Fig. 1. Characterizations of mesoporous MgAl-LDH composites: (A) XRD patterns; (B) FTIR spectra; (C) N, absorption-desorption isotherms at —196 °C; and (D) the

corresponding BJH pore size distribution plots.

2.5. Regeneration and reuse tests

Sodium nitrate and sodium hydroxide mixed solutions (10 mM
NaNO; + 100 mM NaOH, 1:1 (v/v)) were used as the regenerant here
as in our previous study (Ji et al., 2017). Upon completion of the first
cycle adsorption of PO,>~ or F~, the exhausted sorbent was regained
with an external magnet and regenerated by mixing mechanically with
the regenerant solution. The sorbent was retrieved by centrifugation,
followed by rinsing with ultrapure water three times before the next
adsorption cycle. The adsorption-regeneration-reuse tests were per-
formed continuously for five cycles to explore the possibility of reusing
the exhausted sorbents. The regeneration efficiency was evaluated by
measuring the recovered adsorption capacities for PO~ or F~ after
regeneration.

3. Results and discussion
3.1. Characterization of Fe30,@mSiO,@mLDHs composites
Fig. 1A shows the XRD patterns of Fe304, Fe30,@SiO,, Fe304@

SiO,@LDH350, Fe3;0,@SiO>@mLDH350, Fe3;04,@mSiO,@mLDH350,
and MgAl-LDH350. Obviously, the reflections in curve f (pure Fe3;04)

can be well indexed as the magnetite phase (JCPDS #88-0315). These
reflections remained after the coating of a SiO, layer (curve e), but their
intensities decrease to some degree due to the SiO, coating as pre-
viously observed by Shao and his co-workers (Shao et al., 2012). After
coating with the MgAI-LDH layer, the reflection intensities of Fe3O4
decrease further (blue curve in Fig. S1 in the Supporting information).
Meanwhile, a series of well-defined reflections attributable to (003),
(006), (009)/(012), (015), (018), and (110) planes of MgAl-LDH rose
up, indicating the formation of the outermost MgAl-LDH shell with high
crystallinity. After calcination at 350 °C, the reflection intensities de-
creased evidently but the proportional relationship of these reflections
remained (curve d in Fig. 1), indicating the formation of a poorly
crystallized MgAI-LDH shell. The decrease in reflection intensities has
also been observed for other core/shell/shell MgAl-LDH composites
after calcination at 350 °C (c¢f. Fig. 1 and S1). It is worth noticing that
Fe30,@mSiO,@mLDH350 (curve b) shows a very similar XRD pattern
as Fe30,@Si0O,@mLDH350 (curve ¢) — comprising a series of reflec-
tions assignable to MgAl-LDHs as well as some typical reflections of
magnetite. This observation indicates that both samples have similar
phase compositions and that the formation of the outermost MgAl-LDH
shell is independent upon the presence of F127 in the precursor mixture
during the shell coating stage. The estimated thicknesses of the
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outermost LDH shells based on the full width at half maximum (FWHM)
of the (003) basal plane are 4.2nm and 4.0 nm for Fe;0,@mSiO,@
mLDH350 and Fe;0,@Si0O>@mLDH350, respectively (Gunawan and
Xu, 2009). Moreover, the peak intensities of both samples are greater
than the corresponding peaks of Fe;0,@SiO>@LDH350, suggesting that
the presence of F127 in the precursor mixture probably improves the
crystallinity of MgAI-LDH (Ji et al., 2017).

The FTIR spectra of mesoporous MgAI-LDH composites (Fig. 1B)
provide evidence for the presence of NO;~ anions (band at 1384 cm ™ ')
in the interlayer region of MgAl-LDH after calcination at 350 °C. Fig. 1C
displays the N, absorption-desorption isotherms measured at —196 °C
for MgAI-LDH composites. All the samples exhibit a type IV isotherm
behavior with a hysteresis loop of type H2 at high relative pressures (P/
Py > 0.4) according to the IUPAC classification, which corresponds to
ink-bottle-like mesopores (Ji et al., 2017). These results are further
confirmed by the well-developed uniform mesopores at mean values of
4.3nm and 3.8 nm for Fe;04,@mSiO,@mLDH350 and Fe;0,@SiO,@
mLDH350, respectively in the BJH pore size distribution (PSD) plots
(Fig. 1D). In the case of Fe30,@SiO,@LDH350, it shows a broad PSD
centered at 12.4 nm along with a narrow mesopore centered at 4.3 nm,
both of which are probably derived non-rigid aggregates of plate-like
LDH particles (Thommes et al., 2015). Fe;0,@SiO>@LDH350 has a BET
specific surface area of 73 ngfl, which is close to that of Fe;04@
Si0,@ZnAl-LDH (75 m? g ') as reported previously (Shao et al., 2012).
The BET specific surface areas are 168m?g~! and 137m?g~! for
Fe30,@Si0,@mLDH350 and Fe;0,@mSiO,@mLDH350 respectively,
which are much greater than that of Fe;0,@SiO>@NiAl-LDH micro-
spheres prepared by (Shao et al., 2012), further confirming that the
introduction of mesopores by the soft-template method can greatly
improve the specific surface areas of LDH composites (Ji et al., 2017).

By use of the SEM image data, particle size distribution analysis was
performed with ImageJ (version 1.51) for all samples and the PSD
histograms are given as insets in Fig. 2A-B. The SEM image indicates
that the Fe304 microspheres are nearly monodisperse with a mean
diameter of ~ 395nm (Fig. S2A and S2B). To improve the bonding
between the outer LDHs shell to the inner Fe;04 core, a SiO, layer was
generally sandwiched, forming a core/shell/shell hierarchical structure
(Shao et al., 2012). After coating a mesoporous SiO, layer, the mean
diameter of Fe30,@mSiO, microspheres increased to ~ 469 nm (inset
of Fig. 2A, and Fig. S2C), indicating that the thickness of the meso-
porous SiO,, layer is about 74 nm. Further coating of mesoporous MgAl-
LDH to the Fe30,@mSiO, microspheres to the Fe;0,@mSiO, micro-
spheres and calcination at 350 °C led to the formation of core/shell/
shell structured Fe3;0,@mSiO,@mLDH350 composite with a mean
diameter of ~ 503 nm (inset of Fig. 2B, and Fig. S2D). It’s noted that
the outmost mesoporous MgAl-LDH layer is very thin (~ 34 nm). This
observation is further confirmed by the TEM images as shown in
Fig. 2C — D and in good agreement with the previous study (Zhang
et al., 2013). In addition, the high angle annular dark field-scanning
transmission electron microscopy (HAADF-STEM) image and the cor-
responding EDX mapping (Fig. 2E-F) verified the co-existence of Fe, O,
Si, Mg, and Al elements. It’s also observed that iron is located in the
center of the single microsphere (Fig. 2E inset), whereas both Mg and Al
are well dispersed throughout the whole microsphere. Moreover, The
diameter of the single microsphere in terms of its EDX mapping data
increased slightly in the order of Fe < O < Si < Al ~ Mg, further
confirming the core/shell/shell hierarchical structure of the Fe;0,@
mSiO,@mLDH350 composite.

3.2. Points of zero charge and water dispersion stability

Fig. 3 shows the zeta ({) potential plots as a function of pH, phos-
phate and fluoride anions. In the absence of phosphate or fluoride, the
point of zero charge (pHpzc) values of all MgAI-LDH composites as
determined by the Zetasizer apparatus were in the range of 8 — 11, in
good consistency with those as reported in previous literature (Ji et al.,
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2017; Huang et al., 2014; Park and Kim, 2011). In the presence of either
phosphate or fluoride, the pHpyc values of all MgAl-LDH composites
shifted remarkably towards the lower pH value, indicating higher af-
finity of both phosphate and fluoride anions than nitrate in the inter-
layer region of MgAl-LDH composites (Cai et al., 2012). This is in good
agreement with the affinity order of common intercalated anions,
among which the more strongly bound anions are those with the
smaller ionic radii (Ulibarri and Hermosin, 2001). The presence of
1 mM of phosphate in the tested suspensions can definitely shift the
pHpzc values of Fe;0,@Si0,@LDH350, Fe;0,@Si0,@mLDH350,
Fe30,@mSiO,@mLDH350 from 8.6, 8.8, and 9.0 to 5.9, 4.9, and 4.5,
respectively, whereas the existence of 1 mM of fluorides can greatly
decrease the above pHpyc values to more acidic range (Fig. 3). This
observation can be explained by the fact that fluoride anion has a
higher affinity than phosphate species such as H,PO,~, and HPO,2~
(Ulibarri and Hermosin, 2001). The strongly bound fluoride would
somewhat decrease the spacing between the layers and consequently
affect the desorption efficiency of the intercalated anions in the re-
generation process.

Generally, the shift of pHpyc to a more acidic range in the presence
of the tested adsorbate species can be used as indirect macroscopic
evidence of inner-sphere surface complex formation at the water-mi-
neral interface in the cases of anion adsorption on most metal oxides
(Goldberg, 2014; Li et al., 2019). However, in the case of LDHs, besides
the adsorption of anions by the surface metal hydroxyls (termed as >
M-OH) of LDH layers, anionic exchange of the intercalated anions with
the anions in solution and reconstruction of the lamellar structure of
calcined LDHs (the rehydration process) also account for the uptake of
anions from solution (Ji et al., 2017; Delgado et al., 2008).

The water dispersion stability of Fe;0,@mSiO,@mLDH350 and
non-magnetic meso-LDH350 suspensions were also investigated by the
free sedimentation method. The results shown in Fig. S3 indicate that
the light red Fe30,@mSiO,@mLDH350 suspension shows more light
adsorbance in the higher wavelength range (A > 500 nm) as compared
to the pale white meso-LDH350 suspension (Fig. S3A), and that the
optical transmittance of both suspensions increased apparently with
sedimentation time at almost the same slope (Fig. S3B). This observa-
tion suggests that both the magnetic and non-magnetic suspensions
have a poor water dispersion stability and that the magnetic core in
Fe304,@mSiO,@mLDH350 plays very little role in improving its dis-
persion stability.

3.3. Effects of pH and ionic strength

Effects of pH and ionic strength (I) on phosphate (PO,%7) and
fluoride (F~) adsorption on mesoporous MgAIl-LDH composites were
investigated in detail from pH 3 to 12 atI = 1 mM, 10 mM, and 100 mM
NaNOj; solution, respectively. The results were depicted in Fig. 4A and
S4. It was found that PO~ adsorption efficiencies (Adsorption%) ex-
hibit almost independent upon both pH and ionic strength at pH <
pHpzc (i-e., 9.0 for Fe30,@mSiO,@mLDH350), indicating that most of
the phosphates were bound with surface metal hydroxyls (i.e., >
Al—OH and > Mg—OH) via inner-sphere complexation (Goldberg,
2014). This speculation is also validated by the fact that MgAl-LDHs
often have a higher affinity toward hydroxyl ions (OH ™) in solution
than phosphate species such as H,PO,~, and HPO,2~ (Ulibarri and
Hermosin, 2001), both of which predominate over other aqueous spe-
cies of phosphate across a range of pH values from 3 to 9 (Fig. 4C).
Above the pHpyc, as I increased from 1 mM to 100 mM NaNOs, the
adsorption efficiencies decrease slightly with increasing pH values from
9 to 12 (Fig. 4A). This behavior is probably arisen from the Coulomb
repulsion between the negative-charged surfaces of MgAl-LDHs due to
the excessive OH™ in solution and the multivalent phosphate anions
such as HPO,2~ and PO,®~ (Cai et al., 2012). However, the data of
phosphate adsorption on Fe;0,@mSiO,@mLDH350 are quite different
from the two following studies. It has shown that the phosphate
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Fig. 2. SEM and TEM images of (A) Fe304@mSiO; (B-D) Fe30,@mSiO,@mLDH350 microspheres; (E, F) HAADF-STEM image and the corresponding EDX mapping
results of a single Fe30,@mSiO,@mLDH350 microsphere.
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adsorption efficiencies of MgAl-LDHs (calcined at 500 °C) increased
with pH to a maximum at pH 5 and then decreased gradually with pH
from 5 to 11 (Das et al., 2006). It was believed that the lower adsorp-
tion efficiencies at pH < 5 was due to the partial dissolution of the
calcined MgAl-LDHs and that the decrease in adsorption efficiencies at
higher pH was derived from the increasing competition from OH™ (Das
et al., 2006). It was also observed a similar trend of phosphate ad-
sorption on calcined MgAIl-LDHs with CO3®~ as the intercalated anions
(Cai et al., 2012). Annealing of MgAl-LDHs at above 500 °C will defi-
nitely lead to the collapse of the layered structure and the formation of
a mixture of aluminum and magnesium oxides (MgO) that will dis-
sociate in solution with a pH value below 5 (Cai et al., 2012; Das et al.,
2006). In our cases, however, it should be stressed that calcination at
350 °C not only allows the survival of the lamellar structure of the
outermost MgAI-LDH shells but also improves the formation of meso-
pores in the shells (Fig. 1) (Ji et al., 2017). The unique features are
believed to endow these core/shell/shell mesoporous MgAl-LDH com-
posites with superior adsorption performance of phosphate over the pH
range studied.

In contrast to the case of phosphate adsorption, the fluoride ad-
sorption efficiency of Fe30,@mSiO,@mLDH350 was strongly influ-
enced by both pH and ionic strength. For example, in the case of I =
1 mM NaNOs, the F~ adsorption efficiencies decreased gradually from

85.3% to 73.5% when pH values increased from 3 to 8.8. This is be-
cause of the increased competitive adsorption from excess OH™~ ions
that are more preferred bound by MgAI-LDHs than F~ anion (Cai et al.,
2012; Ulibarri and Hermosin, 2001), which are the predominant species
over the range of pH values from 3 to 12 (Fig. 4D). The adsorption
efficiencies further declined rapidly with increasing pH values above
PHpzc (i.e., 9.0) due to the combined effects of increasing competition
from OH™ and the Coulomb repulsion between the negative-charged
surfaces of Fe;0,@mSiO,@mLDH350 and F~ in solution. With the in-
crease of ionic strength from 1 mM to 10 mM and 100 mM NaNOg, the
F~ adsorption efficiencies decreased apparently over the pH range
studied, implying that F~ was bound mainly by the anionic exchange
with the intercalated NO3~ (Chubar et al., 2017; Wang et al., 2007;
Kameda et al., 2017). Furthermore, as shown in Fig. S4, both PO~
and F~ adsorption on the other two MgAI-LDH composites (i.e.,
Fe304,@Si0O,@LDH350, and Fe;0,@SiO,@mLDH350) also exhibited
similar pH and ionic strength dependent behaviors as mentioned above,
implying the same adsorption mechanisms for all MgAl-LDH compo-
sites.
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3.4. Effects of pH and initial adsorbate concentrations on P and F
adsorption

Likewise, effects of pH and initial adsorbate concentrations (Cp) on
phosphate and fluoride adsorption were studied from pH 3 to 12 with
initial adsorbate (i.e., PO~ or F~) concentrations of 2mgL™!,
10mgL~?!, and 30mgL™?!, respectively. The results were given in
Fig. 4B and S5. Obviously, the phosphate adsorption efficiencies dis-
played almost independent upon both the pH values and the initial
phosphate concentrations (Cy) at pH < pHpyc, which implies that most
phosphates were bound as inner-sphere complexes rather than as the
intercalated anions (Goldberg, 2014). Due to the increasing competi-
tion from OH™ and the increasing Coulomb repulsion at pH above
PHpzc, the adsorption efficiencies were expected to decrease slightly
with an increase in the initial phosphate concentrations from 2mgL ™!
to 30 mgL~'. This observation is in good consonance with the above
results of pH and ionic strength effects, confirming that inner-sphere
complexation played a crucial role in phosphate adsorption. Never-
theless, Das et al. (2006) have investigated the effect of initial phos-
phate concentration on Adsorption% of phosphate by calcined MgAl-
LDHs. It was found that Adsorption% of phosphate were apparently
dependent upon both pH values and the initial phosphate concentration

and that Adsorption% of phosphate decreased significantly with in-
creasing C, from 30mgL~! to 70 mgL~"'. This is quite different from
our data as described above. The reasons would probably be attributed
to the differences in the phase compositions as well as the micro-
structures of the MgAIl-LDH sorbents, which in turn resulted in different
adsorption behaviors of phosphate.

On the other hand, F~ adsorption on Fe30,@mSiO,@mLDH350 has
shown similar pH- and Cy-dependent behaviors as observed above. This
further confirmed that F~ adsorption on the MgAl-LDH composites was
dominated by the anionic exchange process. In the cases of phosphate
and fluoride adsorption on the other two MgAI-LDH composites (i.e.,
Fe30,@SiO>,@LDH350, and Fe;0,@SiO>@mLDH350), both phosphate
and fluoride have shown as similar adsorption behaviors as observed
for Fe;0,@mSiO,@mLDH350 (Fig. S5). This is expected because of the
high degree of similarity in phase compositions and microstructures of
all the MgAI-LDH composites.

3.5. Adsorption isotherms and mechanism
Fig. 5 displays the adsorption isotherms of phosphate and fluoride

on the mesoporous MgAl-LDH composites. The experimental data were
fitted with both the Langmuir (solid lines) and the Freundlich (dashed
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Fig. 5. Adsorption isotherms of (A) phosphate (PO,37) and (B) fluoride (F~) on three MgAI-LDH composites (sorbent dosage =1g L™!, T =25°C, contact time

=24h).

lines) models by using the nonlinear algorithms (Egs. (3) and (4)) as
given below.
Langmuir Model:

0, = KLQnCe
‘T 14+kC, 3)

Freundlich Model:

Qe = kG @)

where Q. is the adsorption capacity in the equilibrium state (mg g~ 1),
Qu is the theoretical maximum adsorption capacity, C. is the equili-
brium concentration of the target adsorbate (mg L™Y, k. is the
Langmuir constant related to free energy of adsorption (L mg™1), k¢ (in
L g~!) and n are empirical constants associated with the Freundlich
model. The fitting parameters were calculated by Origin 9.0 (64-bit
version, OriginLab Co.) and are tabulated in Table 1. It was found that
the adsorption capacities (Q.) increased with increasing equilibrium
concentrations of either phosphate or fluoride (C.), and reached or was
approaching a plateau which represents the maximum adsorption ca-
pacity of the MgAI-LDH composites for the target adsorbate, e.g.,
phosphate or fluoride.

A comparison of the correlation coefficients (R?) (Table 1) indicates
that all the correlation coefficients of the Langmuir model are greater
than those of Freundlich model, suggesting that the Langmuir model is
better than the Freundlich model to fit the adsorption data. The max-
imum adsorption capacities of phosphate calculated by the Langmuir
equation (Eq. (3)) are 50.07mgg ™", 51.70mgg ™!, and 57.07mgg '
for Fe30,@SiO>,@LDH350, Fe;0,@SiO,@mLDH350, and Fe;0,@
mSiO,@mLDH350, respectively. Whereas, these MgAI-LDH composites
have maximum adsorption capacities of 23.28 mgg™~!, 25.47mgg ",
and 28.52mg g~ for fluoride, respectively, much lower than those for
phosphate. It is noteworthy that the sample with dual mesoporous

Table 1

shells, i.e., Fe30,@mSiO,@mLDH350 has the highest Q,, values for
both phosphate and fluoride among all MgAIl-LDH composites, although
it does not have the largest BET specific surface area. This indicates that
besides specific surface area, other parameters such as the pore size
distribution (see Fig. 1D), and/or the available adsorption site density
may contribute more to the adsorption capacity of these MgAl-LDH
composites (Goldberg, 2014).

For comparison, the Q,, values of both phosphate and fluoride of
other LDHs-type sorbents are summarized in Tables 2 and 3. In the case
of phosphate (Table 2), the highest adsorption of 57.07 mgg™~! was
obtained on Fe3;0,@mSiO,@mLDH350 as compared with other LDHs-
type sorbents such as MgAl-CLDHs (44.0mgg~ ") (Das et al., 2006),
ZnAl-CLDHs (54.1 mg g_l) (Zhou et al., 2011), MgFeZr-LDHs
(30.0mg g~ ') (Mandel et al., 2013), Fe30,@ZnAl-LDHs (36.9 mgg ")
(Yan et al., 2015), MgAlZr-LDHs (30.0 mg g_l) (Chitrakar et al., 2007),
and ZnAl-CLDHs (41.26 mg g’l) (Cheng et al., 2010). Kannan et al.
have reported a ZnAlZr-LDH sorbent with a phosphate adsorption ca-
pacity as high as 148.0mg g™~ (Koilraj and Kannan, 2010). However,
the higher capacity as compared to the above LDH sorbents was pri-
marily attributed to the formation of surface precipitation, i.e., the
hopeite mineral (Znz(PO4)2>4H,0), leading to a poor recycling perfor-
mance for phosphate adsorption. In the case of fluoride (Table 3), all
the MgAI-LDH composites have higher adsorption capacity maxima
than other LDHs-type sorbents except for MgAl-CLDHs (80.0mgg™')
(Lv et al., 2006). Adsorption density (I') is also employed as an indicator
of adsorption performance. As shown in Tables 2 and 3, the T values of
all core/shell/shell MgAl-LDH composites for both phosphate and
fluoride are high and comparable to that of the best LDHs sorbent (e.g.,
0.33mgm ™2 for MgAI-CLDHs vs. 0.32mgm ™2 for Fe;0,@Si0,@
LDH350). Moreover, it is evident that all the n values of Freundlich
constant are greater than 2 (Table 1), implying that both phosphate and
fluoride adsorption on all MgAI-LDH composites are a favorable process

Langmuir and Freundlich models fitting parameters for PO,>~ and F~ adsorption on the core/shell/shell MgAl-LDH composites.

Adsorbate Sorbent Langmuir model Freundlich model
Qn (mg g™ ") K, (L mg™" R Kp(mg' "L g™ n R
13043 - Fe;0,@SiO,@LDH350 50.07 1.72 0.951 22.05 3.92 0.884
Fe30,@SiO>,@mLDH350 51.70 1.83 0.961 23.07 3.98 0.873
Fe3;0,@mSiO,@mLDH350 57.07 3.44 0.936 29.04 4.63 0.821
F~ Fe;0,@Si0,@LDH350 23.28 0.35 0.981 6.03 2.44 0.942
Fe30,@SiO,@mLDH350 25.47 0.39 0.978 6.29 2.53 0.937
Fe30,@mSiO,@mLDH350 28.52 0.36 0.971 7.61 2.43 0.915
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Table 2

Caparison of the P adsorption capacity maxima on the core/shell/shell MgAl-LDH composites with other LDHs-type sorbents.
LDHs pH BET Qm T Refs

(m*g™" (mgg™ (mg m~?)

MgAl-CLDHs 6 210 44.0 0.21 (Das et al., 2006)
ZnAl-CLDHs 7 232 54.1 0.23 (Zhou et al., 2011)
MgFeZr-LDHs 7-8 100 30.0 0.30 (Mandel et al., 2013)
Fe304@ZnAl-LDHs 7 133 36.9 0.28 (Yan et al., 2015)
MgAIlZr-LDHs 8.7 139 30.0 0.22 (Chitrakar et al., 2007)
ZnAl-CLDHs 7 81.2 41.26 0.51 (Cheng et al., 2010)
ZnAlZr-LDHs 7 78 148.0 1.90 (Koilraj and Kannan, 2010)
Fe30,@Si0,@LDH350 7.5 73 50.07 0.69 This study
Fe30,@Si0,@mLDH350 7.5 168 51.70 0.31 This study
Fe;0,@mSiO,@mLDH350 7.5 137 57.07 0.42 This study

(Wen et al., 2013). It is, therefore, believed that these mesoporous
MgAI-LDH composites with such high adsorption capacities for both
phosphate and fluoride are expected to have the potential for applica-
tion in practical wastewater remediation.

To further study the adsorption mechanism, both pristine and ex-
hausted Fe304,@mSiO>@mLDH350 were employed to perform the XRD,
FTIR, and XPS analyses and the results are present in Fig. 6. Fig. 6A
shows the XRD patterns of Fe30,@mSiO,@mLDH350 before and after
phosphate or fluoride adsorption. Obviously, the reflections attribu-
table to the layered MgAIl-LDHs remained after phosphate or fluoride
adsorption, implying that Fe;0,@mSiO,@mLDH350 is robust enough.
However, the intensities decreased apparently after adsorption of either
phosphate or fluoride, indicating that no reconstruction of the calci-
nated layered MgAI-LDH occurred during the adsorption process (Ji
et al., 2017). and that the adsorption of fluoride exhibited an apparent
negative effect on the crystallinity of Fe;04,@mSiO>@mLDH350. The d
spacing of (003) reflection varied from 8.09A to 7.86A and 7.34 A
respectively after adsorption of phosphate and fluoride, which is in
good agreement to previous studies (Cai et al., 2012). As shown in the
FTIR spectra (Fig. 6B), a weak band at 1055 cm ™! assignable to the
asymmetrical stretching vibration of PO,>~ appeared after phosphate
adsorption, demonstrating that phosphate was bound. Nevertheless, in
the case of fluoride adsorption, no band attributed to fluoride was ob-
served due to the infrared inactivity of fluoride compounds (e.g., there
are no other bands for sodium fluoride (NaF) except for the surface
hydroxyl band of absorbed water, data not shown). Besides, a weak
carbonate band at 1361 cm™! appeared after adsorption of either
fluoride or phosphate, which was apparently derived from the anionic
exchange of interlayer NO;~ with the aqueous CO3>~ originated from
the atmospheric carbon dioxide.

The full-range XPS spectra also confirmed that either phosphate or
fluoride has been adsorbed on Fe;0,@mSiO,@mLDH350 (Fig. 6C). The
O 1s spectrum of pristine Fe;0,@mSiO,@mLDH350 consists of four
peaks (Fig. 6D), which could be assigned to oxygen atoms in M-O
(M = Mg or Al, 529.8 eV), OH (531.4 eV), N-O(531.8eV) in NO3~ and
H,0, CO52~ (533.6eV), respectively (Circu et al., 2016; Xie et al.,
2017). After phosphate adsorption, the existence of phosphate is con-
firmed by the P 2p XPS spectrum (Fig. S6), which can be further dif-
ferentiated into P 2p; » and P 2p3,» peaks. The best fit of O 1s spectrum

was obtained with four components corresponding to oxygen atoms in
M-O (529.7 eV), M-O-P, P=0 (531.0 eV), POH, NO3; ™~ (532.1 eV), and
H,0, CO52~ (533.2 eV). The N 1s spectrum shifted (Fig. S6) from 407.8
eV to 406.4 eV with a dramatic decrease in intensity, implying the
occurring of anionic exchange between the interlayer nitrate and
phosphate in solution. In the case of fluoride, the F 1s XPS spectrum
(Fig. S6) also demonstrates fluoride was successfully bound. Likewise,
the best fit of O 1s spectrum was achieved with four components as-
cribed to oxygen atoms in M-O (529.7 eV), OH (531.2 eV), NO;~
(532.3 eV), and H,0, CO32~ (532.9 eV). The N 1s spectrum also shifted
from 407.8 eV to 406.8 eV with a strong intensity decrease, indicating
that fluoride was adsorbed by a manner of anionic exchange.
According to the above results, a possible mechanism for phosphate
and fluoride adsorption on the MgAl-LDH composites was proposed,
which involves in i) anionic exchange between the interlayered nitrate
and the anions in solution (i.e., phosphate and fluoride), and ii) surface
complexation of anions with the surface metal hydroxyls (> M-OH) of
the MgAI-LDH composites. In the case of surface complexation, phos-
phate is likely to be bound as bidentate binuclear inner-sphere com-
plexes (Li et al., 2013), whereas fluoride is probably retained by outer-
sphere complexation. These reactions can be formulated as follows,
Anionic exchange:

> M-OH,*/NO3~™ + F~ < > M-OH,"/F~ + NO3~ 5)
> M-OH,*/NO3~ + H,PO,~ <> > M-OH," /H,PO,~ + NO3~ (6)
Surface complexation:
>M-OH +F~ + H' < > M-OH," /F~ )
2(> M-OH) + PO, + 2H" < > M,PO,~ + 2H,0 8)
2(> M-OH) + PO~ + 3H" < > M,PO,H + 2H,0 9
3.6. Desorption and recycling performance
Two mesoporous MgAI-LDH composites, i.e., Fe304@SiO,@

mLDH350 and Fe;0,@mSiO,@mLDH350 were chosen as sorbents to
explore their recycling performance, and the results are given in Fig. 7.
In the case of phosphate, the adsorption efficiency on Fe30,@SiO,@

Table 3

Caparison of the F adsorption capacity maxima on the core/shell/shell MgAl-LDH composites with other LDHs-type sorbents.
LDHs pH BET Qm r Refs

m?*g™H (mgg™" (mg m~?)

MgAl LDHs 7 413 1.65 0.004 (Wang et al., 2007)
MgAI-CLDHs 6 240 80.0 0.33 (Lv et al., 2006)
MgAIl-CLDHs 6 - 1.94 - (Cai et al., 2012)
Fe30,@SiO,@LDH350 7.5 73 23.28 0.32 This study
Fe30,@Si0,@mLDH350 7.5 168 25.47 0.15 This study
Fe30,@mSiO,@mLDH350 7.5 137 28.52 0.21 This study

10



F. Li, et al. Journal of Hazardous Materials 388 (2020) 121734

A & e (A) before adsorption B v
=] 80%39 after P adsorption 5 v VM.O
) o ; i Mg-O|
286 g‘é after F adsorption v before adsorption  “Hz0 :NOJ :)—H
734 ) ; after F adsorption
© 8 !
(=] ot .
—_— = =y :
3 =1 : after P adsorption
s E .
z 3 s %
2 = : 2 2
o z i o © =
= E Q 2
7] « w
c
o
l_
[Ty}
JCPDS #ﬁ&w 5 | 3
a1 s 3 3 B T 1 il P i a8 o o b o o a0 2 2 o & o 3 o 0 o 2 2 4 3 2 o 1
10 20 30 40 50 60 70 4000 3500 3000 2500 2000 1500 1000 500
20(°) Wavenumber (cm’")

C o D

Intensity (a.u.)
Intensity (a.u.)

Ly b

PRTTETN PERTTRETRY FYRTTRTEY PSR TRT S ATRRTHR TS A7) ..\’:I- L " ._. '. P T T v i P
1200 1000 800 600 400 200 O 540 535 530 525 520
Binding energy (eV) Binding energy (eV)

Fig. 6. (A) XRD patterns, (B) FTIR spectra, (C) survey scans of XPS spectra, (D) high-resolution scans of O1s peaks of Fe30,@mSiO,@mLDH350 before and after
adsorption of PO,>~ and F~.

A 100

80
90 -
80 - [
- I I;::

-4
o
T

@
o

AN

Adsorption (%)
2

Adsorption (%)
5]
o

B g
o
T

20

Bl Fe,0,@mSi0,@mLDH350 Bl Fe,0,@mSiO,@mLDH350

30 |
1o Il Fe,0,@Si0,@mLDH350 Il Fe,0,@Si0,@mLDH350
T T T T T T T T
1 2 3 B 5 1 2 3 - 5
Cycle numbers Cycle numbers

Fig. 7. Recycling performance of two mesoporous MgAl-LDH composites for adsorption of (A) PO,>~ and (B) F~ during 5-time recycling, the inset in panel B is the
digital photograph of magnetic separation of the sorbent suspensions in 10s (G, = 10mg L™ !, sorbent dose =1g L™!, T =25°C, contact time =24 h).

11



F. Li, et al.

mLDH350 decreased from 99.1% to 94.0% after five-time recycling,
while the adsorption efficiency declined from 99.5% to 94.5% for
Fe30,@mSiO,@mLDH350, indicating superb recycling performance for
both MgAI-LDH composites toward phosphate, which endows them
with a potential utilization as slow-release phosphate fertilizer (Benicio
et al., 2017; Everaert et al., 2016). On the other hand, the adsorption
efficiencies of fluoride decreased respectively from 80.0%, and 83.2%
to 52.1%, and 47.9% for the two MgAI-LDH composites. In order to
improve and optimize the regeneration performance of magnetic ad-
sorbent, Drenkova-Tuhtan et al. employed a stepwise adsorption-des-
orption regeneration, of which the adsorption and desorption time of
the first 10 cycles were set to 1h (Drenkova-Tuhtan et al., 2017). A
preliminary adsorption kinetic experiment using Fe3;04,@mSiO,@
mLDH350 as the sorbent indicates that Adsorption% of fluoride reaches
at 84.1% of its maxima, while Adsorption% of phosphate achieves to
78.9% of its maxima after 1h adsorption (Fig. S7). Therefore, further
regeneration experiments in a manner of 1 h adsorption, 10 s magnetic
separation, and 1 h desorption and repetition the above process for 10
cycles were performed for fluoride using Fe30,@mSiO,@mLDH350 as
the sorbent. In the case of phosphate, similar regeneration experiments
with 2h adsorption followed by 10s magnetic separation, 2h deso-
rption and then repetition were also conducted. The recycling results
are given in Fig. S8. Apparently, the recovery of either phosphate or
fluoride by Fe;0,@mSiO,@mLDH350 in such quick manners is slightly
less than those in the manner of 24 h adsorption plus 24 h desorption
(cf. Fig. 7 and S8). Note that the recovery of phosphate by Fe;0,@
mSiO,@mLDH350 was approximately 90% for the first cycle and gra-
dually dropped to 68.5% for the tenth cycle, whereas the recovery of
fluoride decreased rapidly from 81.2% for the first cycle to 27.1% for
the tenth cycle (Fig. S8). As mentioned above, fluoride has shown an
adverse effect on the crystallinity of MgAl-LDH composites (Fig. 6A).
This could probably result in the partial collapse of the mesoporous
structure of MgAl-LDH composites, which consequently led to such fair
recycling performance for fluoride. The drop in recycling performance
of phophate adsorption seems also to partly attribute to the recessioin
of the outermost mesoprous LDH layers during the regeneration process
(Ji et al., 2017). Future experiments on the improvement of the re-
cycling performance of MgAI-LDH composites towards fluoride and
phosphate uptake should center around enhancing the stability of me-
sostructured MgAI-LDH and increasing the adsorption capacity by in-
troduction of some rare earth species (e.g., La and Zr) into the MgAl-
LDH layers (Jing et al., 2012). Nevertheless, from a practical point of
view, both MgAI-LDH composites with high adsorption capacities, and
features of easy to separate from solution by an external magnet (inset
of Fig. 7B) are expected to use as an alternative to commercial sorbents
for phosphate and fluoride removal from aqueous solutions.

4. Conclusions

In summary, core/shell/shell hierarchical structured mesoporous
MgAIl-LDH composites were prepared. The mesoporous MgAl-LDH
composites exhibit large surface areas and well-defined mesopore dis-
tributions, which endows them much higher adsorption capacities to-
ward both phosphate and fluoride as compared with other LDH-type
materials. The corresponding adsorption mechanisms involve both an-
ionic exchange and surface complexation. Moreover, the presence of
the magnetite (Fe30,4) core allows them to be easily separated by an
external magnetic field, facilitating their recycling and reuse. Due to the
good reusability, these mesoporous core/shell/shell MgAl-LDH com-
posites can be potentially used as sorbents for removal or recovery of
phosphate and fluoride from water.
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