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In order to tailor the morphology of the layered double hydroxides (LDHs) particles, we focused on a synthesis method that

involves the use of Al,O; as a precursor, employing Al,O; with different crystal structures (e.g., a-Al,03, 9-Al,03, and y-Al,03)

www.rsc.org/

as well as amorphous Al,0;. When §-Al,0; and y-Al,0; were used, a three-dimensional network of plate-shaped LDH

particles was formed even though a-Al,O; barely reacts to form the LDH phase. Finally, adsorption tests involving HPO,%

ions confirmed that the fabricated LDH particles exhibited high ion-removal rates. Hydrogen phosphate ions (HPO,% ) in a

concentration of 0.40 mmol g* could be removed completely within 10 min using the LDH particles prepared with §-Al,03

and y-Al,Og; this is approximately 20 times shorter than the time taken by the LDH particle prepared from amorphous Al,Os.

Introduction

Layered double hydroxides (LDHs), which include hydrotalcite-
like compounds and anionic clays, as attracting a lot of attention
because of their ion-removal properties. These materials can be
represented by the general formula
[MZ*1_,M3*(OH), *[Apx/n*mH,0 and consist of octahedral
brucite-like host layers (M2*/M3*: bivalent and trivalent metal
cations), a charge-balancing anion (A"), and interlayer water
molecules. Possible M?* species include Mg?*, Ni?*, Zn%*, and
Ca?*, among others, while possible M3* species include Al?*, Cr3*,
Fe3*, and Co3*, among others. The exchangeable anion, A", can
either be monovalent (e.g., OH~, F~, Cl-, or NO3™) or bivalent
(e.g., SO4%, HPO,> or CO3?). LDHs are used in various
applications and devices, such as ion-exchangers, catalysts, gas
separators, and capacitors.’'? Their ion-exchange properties
and, in particular, their selectivity and capacity, have been
studied extensively by many researchers with respect to the
removal of various combinations of metal cations. Miyata
reported that the affinity of Mg-Al LDHs towards various anions
can be arranged as follows: NO3;~ < Br- < ClI~ < F- < OH™ < Mo0,?"
< S042” < Cr0O42~ < HAsO32~ <HPO3%2 < CO52°.18 As can be seen
from this list, bivalent oxo-anions such phosphate ions have a
stronger affinity for Mg-Al LDHs.

However, even though Mg-Al LDHs exhibit strong attraction
towards anions, their reaction rate during the ion-exchange
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reaction needs to be improved significantly if these materials
are to find wider use. Recently, some effort to improve such ion-
exchange properties have been carried out through various
sophisticated synthesis routes for adsorbing methyl orange,
methylene blue, and so on.'®21 However, for example, Mg-Al
LDHs take 4.0 h to remove nitrate ions when present in a
concentration of 20.4 mg g.22 While activated biomaterials,
which can remove nitrate ions in the same concentration in only
10 min.?2 In order to improve the reaction rate, the specific
surface area of the LDH particles must be increased. Moreover,
fabricating LDH materials with a high specific surface area in
facile manner is important not only for improving their usability
as ion-exchangers and catalysts but also from the viewpoint of
material design. There have been several interesting
developments in this regard. For instance, the synthesis of
highly porous LDH particles?® with a high specific surface area
by a sol-gel-driven method has been reported recently.
However, while these studies are important from a material
design perspective, the processes involved are quite complex to
be practical. Improving the dispersibility of LDH particles is
important for ensuring a high specific surface area. However,
the surface hydroxyl groups of LDHs are so inactive that it is
difficult to modify their surface properties. Hence, in this study,
we focused on the morphology control of LDH particles in order
to improve the reaction rate.

It has been reported that LDH crystals can be formed using
amorphous Al,O3; and MgO as precursors?*. The generation of
Al(OH); on the surfaces of the Al,O; particles, the subsequent
diffusion of Mg?* ions to the Al,O3 particles, and the ensuing
reaction lead to the formation of stand-alone, hexagonal LDH
particles. This suggests that the reactivity of the precursor may
be exploited to vary the morphology of the fabricated LDH
particles. Thus, we aimed to fabricate three-dimensional LDH
particles by tuning the reactivity of Al,O; and to improve the
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rate of the reaction for removing anions, namely, phosphate
ions, from water.

Experimental

Synthesis of LDH particles: The aluminum oxide particles used
in this study as precursors included reagent-grade a-Al,O3
(Wako Pure Chemical Industries Ltd), 9-Al,O; (Nippon Light
Metal Company), y-Al,03 (Nippon Light Metal Company), and
amorphous Al,O3;, which was synthesized in the laboratory
through the heat-decomposition of AI(NO);* 9H,0 (Wako Pure
Chemical Industries Ltd) at a holding temperature of 400 °C for
5 h. The method used for synthesizing the LDH particles was as
follows. One of the aluminum oxide precursors was immersed
in an aqueous solution containing MgO (Wako Pure Chemical
Industries Ltd) in a Mg/Al ratio of 4:1 at 80 °C for about 120 h
under atmospheric pressure. After 120 h holding, the
precipitated powders were collected and filtered and then dried
at 60 °C under atmospheric pressure.

Characterization of synthesized LDH particles: The structures
of the obtained particles were studied by X-ray diffraction (XRD)
analysis (Miniflex Il, Rigaku), which was performed using a Cu-
Ka radiation (A = 0.154 nm) source operated at 30 kV and 20
mA. The scans were conducted for the 29 range of 5 to 80°. The
morphologies and sizes of the obtained particles were observed
using field-emission scanning electron microscopy (FE-SEM,
JSM-7400F, JEOL) at an accelerating voltage of 2—15 kV.

Energy-dispersive X-ray spectrometry (EDS, JSM-7000F, JEOL)
was used to study the variation in the concentrations of the
primary constituent elements on the surfaces and cross-
sections of the synthesized LDH particles. Cross-sections of the
particles were obtained using the focused ion-beam method
(J1B-400, JEOL).

The specific surface areas of the LDH particles were calculated
using the Brunauer-Emmett-Teller (BET) model based on the
N, adsorption isotherms. The N, adsorption isotherms were
measured at =196 °C using a Belsorp Mini Il sorption analyzer
(BEL, Japan). The LDH particles were degassed at 50 °C for 2 h
prior to analysis.

The infrared (IR) spectra of the LDH particles were obtained

using a Fourier transform infrared spectroscopy (FT-IR) system
(FT/IR-6100, JASCO) with a smart-endurance single-bounce
diamond attenuated total reflection cell (ATR PROA450-S,
JASCO). The spectra for wavenumbers of 600 to 4000 cm~ were
obtained by adding 100 scans with a resolution of 4.0 cm™.
Spectral manipulations, such as baseline correction, smoothing,
and normalization, were performed using the Spectra Manager
Ver.2 software package (JASCO).
Replacement of interlayer anionic species in LDH particles with
Cl- ions: Before the HPO4?~ ion removal test, the interlayer
anion species in the fabricated LDH particles were replaced with
Cl- ions. Reagent-grade HCl (Wako Pure Chemical Industries,
Ltd.) and NaCl (Wako Pure Chemical Industries, Ltd.) were used
for this purpose. The prepared LDH powders were immersed in
an aqueous solution of 33 mM HCl and 4.0 M NaCl at room
temperature and kept in this state overnight. This resulted in
the interlayer anionic species being replaced by Cl- ions.

2| J. Name., 2012, 00, 1-3

Hydrogen phosphate ion (HPO,2") adsorption tests: First, 1.0
g L? of the LDH particles was added to the test solution, which
contained HPO,?~ ions in a concentration of 100 ppm, in a glass
beaker at 25°C. The solution was stirred using a cool stirrer (CSB-
900S, AS ONE). The initial pH of the test solution was adjusted
to 6.0 using diluted aqueous solutions of HClI and NaOH.
Particles from the test solution were collected at 0, 10, 30, 60,
120, and 180 min and subjected to ion chromatography (HIS-
20A SUPER, Shimazu; lonPac AS22 analytical column; lonPac
AG22 guard column; and hydrogen carbonate/carbonate
eluent) in order to evaluate the residual concentration of

HPO,%~ ions. The HPO,2~ adsorption isotherm was analyzed
using the following Langmuir model:
qb.Ce
9e = 14p.0, (1)

where g. (mg g) is the number of anions adsorbed at the
equilibrium concentration, g, is the maximum amount of the
adsorbate adsorbed corresponding to the Langmuir model, b, is
the Langmuir constant, and C, (mmol L) is the equilibrium
concentration. The experimental conditions were the same as
mentioned above, except that the initial concentrations of
HPO,42" ions were varied from 0.1 to 10 mM.

Results and discussion

Preparation and characterization of LDH particles: The effect
of the polymorph of Al,O; used as the precursor on the
morphology of the synthesized LDH particles was investigated
from the viewpoint of the reaction rate through XRD analysis.
Figure 1 shows the XRD patterns of the powders collected from
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Fig. 1 XRD patterns of powders collected from reaction solution of
Al,O3 precursor and MgO after 120 h (PDF 0511525, and PDF
08301141 were obtained from ICDD database); a-Al,0;, 8-Al,03, y-
Al,03, and amorphous Al,O; were used as precursors.

the reaction solutions containing the various Al,O3 precursors
and MgO after 120 h. It was confirmed that the LDH phase was

This journal is © The Royal Society of Chemistry 20xx
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formed successfully when §-Al,03, y-Al,03, or amorphous Al,O3
was used, although a small amount of Mg(OH), was also formed
as a by-product. The high-intensity lines at approximately 11
and 22° can be attributed to the diffractions of the (003) and
(006) planes of the LDH particles (ICDD PDF 083-01141).
Further, when a-Al,0; was used, the rate of the reaction
between aluminum oxide and magnesium oxide was very low,
resulting in the appearance of diffraction patterns related to the
LDH particles as well as those related to a-Al,03;, MgO, and
Mg(OH),. Further, the intensities of the LDH patterns were very
low. These results were in keeping with those of the FT-IR
measurements, which are shown in Figure S1. In the case of the
powders obtained using J-Al,03, y-Al,03, and amorphous Al,0s3,
the IR spectra contained a peak related to the 6-mode of the O—
H groups at approximately 600 cm™, in addition to a peak
related to the strong v; mode of CO3%" ions at 1380 cm™t and a
peak related to the weak v, mode at 830 cm™.. Peaks related to
the water-bending mode were also observed in the lower-
wavenumber region at approximately 1635-1650 cm=1.2528 |n
the higher-wavenumber region, a high-intensity band centered
at approximately 3400 cm™! and attributable to the stretching
modes of the hydroxyl groups in the LDH layers as well as the
water molecules was observed.?>22 These results also
confirmed the successful formation of LDH particles. It should
be noted that, in the case of the powders obtained using 9-Al,03
and y-Al,03;, Mg(OH), was also present, as evidenced by the
stretching peak observed at approximately 3700 cm=. The pH
value of the reaction solution after 120 h was approximately 10
in all the cases. The precursor MgO turned into Mg(OH),
(brucite) in the aqueous solution; this was also true for all the
cases. Similar trend could be shown in Raman spectra (please
see Figure S2). The XRD diffraction patterns of the various Al,O;
precursors are shown in Figure S3. It can be seen that a-Al,03
exhibits distinctly high crystallinity, while the other precursors
have low crystallinity. The half width of the diffraction line of 9-
Al,03 was smaller than that of the y-Al,0; line, indicating that
the crystallinity of 9-Al,03 is higher than that of y-Al,Os. This
result suggests that the crystallinity, amount of defect and
degree of distortion of crystal structure, of the Al,03; precursor
used might affects solid-state kinetics during formation of the
LDH. The trend in the reactivity as observed from the XRD
analysis was also confirmed from the SEM observations. In
Figure 2, it can be seen that the powdered product prepared
using a-Al,03; consisted of aggregated, thin petal-shaped
particles. The LDH particles formed using 9-Al,O3; and y-Al,03
consisted of thin, interconnected plate-like particles and tightly
aggregated plate-like particles, respectively. An interesting
point to note here is that the LDH particles produced using 9-
Al,03 were thicker. On the other hand, the LDH particles formed
using amorphous Al,O3 consisted of aggregates of freestanding,
plate-shaped particles. The SEM images of the respective
precursors are shown in Figure S4. It can be seen that a-Al,03
consisted of spherical particles with a diameter of 1.0 um, while
J-Al,03 and y-Al,03 consisted of aggregates of small particles
with a diameter of about 500 nm and amorphous Al,O;
consisted of amorphous aggregates. At pH > 10, the precursor
MgO turns into Mg(OH),, which then dissociates into Mg?* and

This journal is © The Royal Society of Chemistry 20xx

CrystEngdomm

Fig. 2 FE-SEM images of powders collected from reaction solution
containing Al,O3 precursor and MgO after 120 h in case of (a, e) a-
Al, O3, (b, f) 8-Al,0;, (c, g) y-Al,03, and (d, h) amorphous Al,Os.

OH™ ions. Given this fact, we propose the following manner for
the formation of the LDH. During synthesis using a-Al,03, the
Al,O3 particles get aggregated, and their surface morphology
changes, with the particles becoming petal-like owing to the
formation of the LDH particles and Mg(OH), on the surfaces of
the Al,03 particles. During synthesis using J-Al,O3; and y-Al,03,
the reaction of the precursor aggregates with Mg?* and OH~ ions
commences on the surfaces of the Al,03 particles, leading to the
formation of plate-shaped particles. Finally, during synthesis
using amorphous Al,03, the Al,O3 dissolves readily and reacts
with Mg?* ions to form stand-alone LDH particles.

In order to confirm this hypothesis, cross-sectional SEM
images of the particles of the LDH particles prepared using 9-
Al,O3 and y-Al,03 and elemental maps showing the contents of
oxygen, magnesium, and aluminum in the particles were
obtained (see Figure 3). In the case of the particles produced
using U9-Al,03 as the precursor, plate-shaped particles were
observed inside the whole area of LDHs particles. Moreover,
elemental mapping indicated that magnesium and aluminum
elements were distributed all over the LDH particles. In the case
of the LDH particle prepared using y-Al,0O3, most of the particles
were plate-shaped and had formed aggregates. It is worth
noting that a few spherical particles were also present (see
Figure S5); in the case of these particles, an aluminum-rich
region was present at the center, and the particles themselves
were surrounded by the plate-shaped particles, with a large
void present between them. This geometric feature indicated
that Al,03 had acted as the core and that the dissolution rate of
Al,O3 was higher than the diffusion rate of Mg?* ions, that is had
occurred, resulting in the formation of the LDH particles. This
clearly confirms that the reactivity of the Al,O3 precursor used
(the reactivity of y-Al,O3 is higher than that of 9-Al,03) has a

Fig. 3 (a) A cross-sectional SEM image and (b-e) elemental maps of
LDH particles prepared using 9-Al,0s;.

J. Name., 2013, 00, 1-3 | 3
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determining effect on the morphological features of the
resulting LDH particles.

The results of the BET analysis indicated that the specific
surface areas of the LDH particles prepared using 9-Al,03 and y-
Al,O3 were high at 33.5 and 24.4 m? g%, respectively, while that
of the LDH particles prepared using amorphous Al,O3; was 15.3
m?2 g'1. Which is reflected by the pore-size distribution (in Figure
S6) that shows the LDH particles prepared using 9-Al,O3 and y-
Al,O3 have various pore-size, although the one prepared using
amorphous Al,03 have a quite small distribution.

a-Al,Os

" |
6-Al,0,

s, SV W,

y-AlzO5

\J‘.‘“—‘“.-/*-pa_

amorphous-Al,O4

Intensity (a.u.)

AI(OH)s, ICDD PDF 01-074-1119

1I0 20 3I0 40 50 60 70 80
2 theta / degree

Fig. 4 XRD patterns of powders collected from reaction solution
containing Al,O; precursor after 120 h (PDF 01-074-1119 was
obtained from ICDD database); a-Al,0;, 9-Al,0s;, y-Al,0;, and
amorphous Al,O; were used as precursors.

There results strongly suggested that the reactivity of the Al,O3
precursor affects the reaction rate and hence the morphology
of the LDH particles formed. Thus, a simple verification test to
determine the reactivities of the various Al,O3 precursors were
performed. Powders of the Al,O3 precursors were immersed in
an aqueous solution at 80 °C for 48 h in the absence of MgO,
and the mixtures were subjected to XRD analysis in order to
analyze the differences in their crystal structures (Figure 4).
Although the chemical structure of a-Al,Os; barely changed,
both 9-Al,03; and y-Al,03 partially transformed into Al(OH)3,
while all of the amorphous Al,O; was converted into Al(OH)s.
These results confirm that the reactivities of the various Al,03
precursors can be arranged in the following decreasing order:
a-Al,03, 8-Al,03, y-Al,03, and amorphous Al,O;. At the same
time, they also suggest that the synthesis route employed in this
study involves the transformation of Al,O3 into Al(OH)s;, which
then reacts with MgZ* and OH~ ions to form the LDH. The
reactivity of Al,O;3 is determined by the coordination structure
around the Al atoms. This coordination structure is described in
Figure 5. In the case of a-Al,03, the Al atoms coordinate with six
O atoms, and the octahedral unit connects to the neighboring
one in an edge-sharing manner. On the other hand, in 9-Al,03,
the Al atoms coordinate with four and/or six O atoms, and the
tetrahedral unit connects to an octahedral unit in a corner-

4| J. Name., 2012, 00, 1-3

sharing manner, while two octahedral units connect to each
other in an edge-sharing manner. Finally, in y-Al,03, the
octahedral units connect to each other in an edge-sharing
manner as well as to the tetragonal unit in a face-sharing
manner. Thus, many vacancies exist at the Al sites. The
existence of the above-mentioned edge-sharing part and
vacancies significantly affect the reactivity of Al,0; with water
to form AI(OH)s. It should be noted that, between 9-Al,03 and
y-Al, O3, the former exhibits a lower reactivity and that the rate
of the reaction for the dissolution of Al,O; to form AlI(OH)3 is
equal to that of the reaction for LDH formation, resulting in a
homogeneous elemental distribution and hence homogenous
geometry, as shown in Figure 3. In addition, the LDH particles
produced with 9-Al,03; consisted of thicker, more erect plate-
shaped particles. This might be because of the differences in the
crystal structures of the precursors used. Among U9-Al,0;, y-
Al,03, and a-Al,03, whose crystal structures all consist of edge-
sharing octahedral units, 9-Al,03 has a structure similar to that
of the intermediate Al(OH)s. This suggests that the formation of
thicker, more erect LDH particles in the case of §-Al,03 can
probably be attributed to an uninterrupted topotactic-like
reaction, as indicated in Figure 5. To summarize, in light of the
differences in the reactivities of the Al,O3; polymorphs used and
the topotactic route employed in this study, the crystal
structure of the Al,0; precursor used and, in particular, its
similarity to that of the reaction intermediate Al(OH)s3, has a
determining effect on the rate of dissolution of the Al,O3 core
and hence the thickness and three-dimensional architecture of
the resulting LDH particles.

o SRR o o

edge-sharing ]

octahedral unit
edge-sharing
- octahedral unit /
=y ’ I SR
3 g
2
- el R R et e et ]
s
: PVET
z L.
B Mg-Al LDHs
Al(OH),
Mg?*, OH
¥ (4,6-coordinate, defect) Time

Fig. 5 Formation manners of LDH powders using various Al,O;
precursors.

Hydrogen phosphate ion (HPO,2") adsorption tests: Adsorption
tests of HPO,4%~ ions were performed using the LDH particles
prepared with 9-Al,03, y-Al,03, and amorphous Al,Os after they
had been subjected to a pretreatment to replace their
interlayer anionic species with Cl~ ions. Figure S7 shows the XRD
pattern of the above-mentioned LDHs before and after the
treatment, where the slight shift of 003 diffraction line to lower
29 value was observed in all LDHs. This implies successful
replacement with Cl~ ions. Figure 6 shows the time dependence
of the amount of HPO,%" ions adsorbed. The LDH particles
produced using 9-Al,03; and y-Al,03 exhibited relatively rapid

This journal is © The Royal Society of Chemistry 20xx
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ion-removal rates and could remove all the HPO,?~ ions present
in a concentration of 0.40 mmol g* within 10 min, while the LDH
particles prepared using amorphous Al,O; took 3.0 h for to
remove the same amount of HPO,2" ions. The difference in the
concentrations in which HPO,4%~ ions were removed by the -
AlL,O; and y-Al,O; LDH particles (0.41 and 0.45 mmol g3,
respectively) was very small. However, this small difference is
probably attributable to the difference in the morphological
characteristics of the LDH particles. Finally, to elucidate how
these factors affect the adsorption sites, an equilibrium
adsorption isotherm was analyzed. Figure S8 shows the
adsorption isotherms for HPO42~ ions, which indicates the good
fit to the Langmuir model regarding as the above-mentioned
three samples. The Langmuir model assumes that all the
adsorption sites are equivalent and homogeneous to form a
monolayer of adsorbates, and at the same time the adsorption
energy is independent of whether the ion-exchange sites are
occupied or not. Therefore, we concluded that the LDH particles
prepared in this study possess homogeneous adsorption sites in
their crystal structure in addition to unique three-dimensional
morphology.

Next, cross-sectional imaging and elemental mapping were
performed on the LDH particles after the HPO42~ ion adsorption
test for 120 h in order to determine their phosphorous,
magnesium, and aluminum contents. Figure S9 shows that

0.51

—— LDH from ¢-Al,04

Adsorbed amount of HPO42' ions
/ mmol g

0.1 —— LDH from »Al,O3
—— LDH from amorphous-Al,04
0.0+
0.0 0.5 1.0 1.5 2.0 25 3.0

Time /h

Fig. 6 The dependence of adsorbed amount of HPO,2~ ions in test
solution on testing time during ion-removal tests performed
using LDH particles prepared with O-Al,0;, y-Al,0;, and
amorphous Al,Os.

phosphorous atoms were distributed all over the LDH particles
in the case of the particles produced using 9-Al,03 and y-Al,0s.
This indicates that, during the adsorption of HPO,%™ ions, the
ions infiltrate the three-dimensional LDH particles. Thus, the
three-dimensional architecture of the particles, which is
controlled by the reactivity of the AIl,O3; precursor used,
effectively improves the reaction rate of anion removal. In our
future works, we hope to study the architecture of LDHs in
greater detail, for example, using Al,03; with a more complex
particle morphology, with the aim of designing and synthesizing
LDHs better suited for use in ion adsorption, catalyst reactions,
and gas separation, among other applications.

This journal is © The Royal Society of Chemistry 20xx
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Conclusions

Mg-Al LDH particles with a three-dimensional architecture
were successfully fabricated using Al,O; precursors with
different reactivities, namely, a-Al,0;, 9-Al,03, y-Al,03, and
amorphous Al,03. Only when 8-Al,03 and y-Al,03, which exhibit
moderately high reactivities, were used as the precursor, was as
three-dimensional network of plate-shaped LDH particles
formed. On the other hand, the use of a-Al,03, which has the
lowest reactivity, barely resulted in an LDH phase while
amorphous Al,03, which has the highest reactivity, resulted in
aggregates of particles. The crystal structure of the Al,O3
precursor used and, in particular, its similarity to that of the
reaction intermediate Al(OH)s;, probably has a determining
effect, in light of its reactivity and the topotactic-like route used
in this study, on the reaction rate of the dissolution of the Al,O3
core and hence the thickness and three-dimensional
architecture of the formed LDH particles. The results of a BET
analysis also indicated that the specific surface area of the LDH
particles prepared using 9-Al,03; and y-Al,03 were higher (33.5
and 24.37 m? g, respectively) than that of the particles
prepared using amorphous Al,O; (15.34 m?2 g?). Finally,
adsorption tests involving HPO,2™ ions showed that the former
exhibited superior ion-removal rates and could remove HPO42~
ions in a concentration of 0.40 mmol g* within 10 min, which is
approximately 20 times faster than the LDH particle prepared
from amorphous Al,0s. These results show conclusively that the
three-dimensional architecture of the fabricated LDH, which is
controlled by the reactivity of the AIl,O; precursor used,
effectively improves the reaction rate for anion removal from
water.
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