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Abstract

A nano-scale magnetic solid base catalyst MgAI-OH-LDH/MgFe,O4 (where LDH denotes layered double hydroxide) composed
of MgAI-OH-LDH Brensted base catalytic layers coated on MgFe,O, spinel cores has been prepared. A magnetic precursor MgAl-
CO;-LDH/MgFe,04 was prepared by a method involving separate nucleation and aging steps, and subsequently calcined to give a
mixed metal oxide composite MgAl(O)/MgFe,O4 which was rehydrated to give MgAI-OH-LDH/MgFe,O,4. The structure and
magnetic properties of the nano-scale magnetic solid base MgAl-OH-LDH/MgFe,0,, together with those of the magnetic precursor
MgAl-CO5;-LDH/MgFe,04 and MgFe,0,4 were characterized by XRD, XPS, low temperature N, adsorption and vibrating sample
magnetometry (VSM). The MgAl-OH-LDH/MgFe,O,4 composite possesses a mesoporous structure with pore size ranging from 2 to
20 nm with particle size mainly in the range 35-130 nm. The catalytic properties of MgAl-OH-LDH/MgFe,O,4 were evaluated using
the self-condensation of acetone at 273 K as a probe reaction. The results showed that the conversion of acetone to diacetone alcohol
reached the thermodynamic equilibrium value of 23% at 273 K. The catalyst was easily recovered through application of an external
magnetic field, and when the reclaimed catalyst was used in a second run for the same reaction, the reactivity remained unchanged.

© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Layered double hydroxides (LDHs) are a class of
promising solid base catalysts which have the general
formula [M(I1),  M(II1) (OH),]*" (A4""), - mH,O0,
where M(II) and M(II) are metal cations, x =
ML) /{M(IIT)+ M (11)} and A" denotes anions. The
structure of LDHs consists of brucite-like layers, with
M(II) cations partially substituted by M(III) cations
resulting in a net positive charge which is compensated
by interlayer anions in the hydrated interlayer region [1].
The basic properties of LDHs and materials derived
from them can be tailored by altering the identity of the
cations in the layers, the M(II)/ M(III) ratio, the nature
of the compensating anions, and the activation condi-
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tions [2]. The resulting materials are effective environ-
mentally friendly solid base catalysts for reactions such
as aldol condensations [3], alkylation [4] and isomeriza-
tion [5]. Their high catalytic activities are related directly
to their surface and textural properties, for example the
very small or nanometer particle size, high surface areas,
and shape and size distributions of pores. In general, the
surface area of a catalyst increases with decreasing
particle size, so that nanometer sized solid base particles
should have more basic sites on the surface than
larger particles, and thus have enhanced catalytic
activity. For nanometer sized catalyst particles however,
there are considerable difficulties in separating and
reclaiming the catalyst at the end of the reaction in
liquid systems. In order to overcome this problem, we
have designed a magnetic nano-scale solid base catalyst,
by combining a magnetic material with a solid base,
which allows simple and effective reclamation of the
catalyst at the end of the reaction by using an external
magnetic field.
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There have been some earlier reports in the literature
of the use of magnetic separation in catalysis. Reetz et al.
[6] incorporated a lipase and Fe;O4 in a hydrophobic
sol-gel material to give catalytically active and magne-
tically separable heterogeneous biocatalysts. Beydoun
et al. [7] synthesized magnetic photocatalysts by coating
TiO, particles on Fe;O4 nano-magnetite particles in
order to facilitate easy recovery by a magnetic field. The
photocatalysts were used in water treatment, but their
photoactivity was lower than that of single phase TiO,
due to unfavorable heterojunctions between the tita-
nium dioxide and the iron oxide core. Fomenko et al. [§]
prepared new catalysts including «-Fe,O; and a solid
solution formed from magnetite and Mg-ferrite for
oxidative conversion of methane followed by magnetic
separation. In our laboratory, magnetic solid acid
catalysts Zr(S0,),/Fe;0,4 involving a coated structure
have been designed and used successfully [9,10].
However, because of the instability of Fe;O4 at high
temperatures, magnetic solid base catalysts with
magnesium ferrite (MgFe,O4) as the magnetic cores
should have wider applicability. MgFe,Oy, is a soft
magnetic material, which has been widely investigated
[11-14]. The traditional method for preparing
bulk MgFe,0, is a solid-state reaction involving mixing,
grinding, and finally calcination of «-Fe,O3; and
magnesia, usually requiring a long time. Furthermore,
highly pure spinel products cannot be obtained, and
the particles are always large in size. Nanosized
ferrite materials can be synthesized by many methods,
for instance, coprecipitation [15], sol-gel processes [16],
and high-energy ball milling [17]. However, these
methods result in ultrafine spinel ferrite powders,
which display superparamagnetic properties at room
temperature due to their tiny particle size, and
ferromagnetic behavior is exhibited only at very low
temperature. The  superparamagnetic =~ MgFe,Oy
particles are not suitable for a magnetic catalyst core.
In order to prepare a ferrite with particle size larger
than 30nm, we employed a new method [18-20]
developed in our laboratory. The distinctive features
of this method are a very rapid mixing and nucleation
process followed by a separate aging step, which results
in nanometer particles with a narrow range of particle
size [20].

In this work, our method involving separate
nucleation and aging steps was employed to prepare
both the magnetic core MgFe,O, and the magnetic
catalyst precursor MgAl-CO;-LDH/MgFe,O4. The
latter was converted to the magnetic solid base
catalyst MgAl-OH-LDH/MgFe,O4 by calcination fol-
lowed by rehydration. The structural, textural and
magnetic properties of the materials were examined.
The catalytic activity of the catalyst was evaluated using
the liquid-phase aldol condensation of acetone as a
probe reaction.

2. Experimental
2.1. Synthesis

2.1.1. Synthesis of the magnetic core MgFe;O,

The magnetic core MgFe,O4 was prepared from an
MgFe-LDH precursor synthesized using the method
developed in our laboratory [18-20]. A typical synthesis
is as follows: an aqueous solution of Mg(NO3), - 6H,O
and Fe(NOs);-9H,O with different Mg>" /Fe® " ratios
and a second solution with pH~9 containing NaOH
and Na,CO; in deionized water were simultaneously
added to a colloid mill rotating at 4000 rpm and mixed
for 2min. The resulting slurry was removed from the
reactor and aged at 373K for 6 h. The final precipitate
was filtered, washed thoroughly with deionized water
and dried at 343K for 24 h. The resulting sample was
then calcined at 1173K for 2h, resulting in the
MgFe,O4 magnetic core.

2.1.2. Synthesis of the magnetic catalyst precursor
MgAI-CO3-LDHIMgFe,0,

An aqueous solution of Mg(NO;),-6H,O and
AI(NO,), - 9H,0 with an Mg*> " /AI** ratio of 3, and
1.6 g MgFe,0, (Mg> ' /MgFe,0, ratio of 2.4, by mass)
were mixed to form a suspension. This mixture and a
solution with pH ~ 11 containing NaOH and Na,COj; in
deionized water were simultaneously added to a colloid
mill rotating at 4000 rpm and mixed for 2min. The
resulting slurry was removed from the reactor and aged
at 373K for 6h. The precipitate was filtered, washed
thoroughly with deionized water and dried at 343K for
24h, giving the magnetic precursor MgAl-CO5;-LDH/
MgFezO4.

2.1.3. Synthesis of the magnetic solid base catalyst
MgAl-OH-LDHI/MgFe,0,

MgAIl-CO5-LDH/MgFe,04 was calcined at 773K in
air for 6h with a initial heating rate of 5K/min to
produce a mixed metal oxide coating on the magnetic
core, denoted as MgAl(O)/MgFe>O,4. This powder was
dispersed in decarbonated water (30mL H,O/g of
MgAIl(O)/MgFe,0O4) with vigorous stirring for 1h at
298 K under an N, atmosphere. The excess water was
removed under vacuum at 323 K.

2.2. Characterization

Powder X-ray diffraction (XRD) patterns were
obtained with a Rigaku XRD-6000 diffractometer
under the following conditions: 40kV, 30mA, CuKuo
radiation (4 = 1.542 A), scan steps of 0.04°/min (105s) in
the range of 3—70°. M&ssbauer spectra were obtained at
room temperature using a conventional constant accel-
eration spectrometer. A radiation source of *’Co in an
Rh matrix was used. Elemental analysis was performed
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by inductively coupled plasma emission spectroscopy
(ICP) using a Shimadzu ICPS-7500 instrument. Low
temperature Nj-adsorption measurements were recorded
using a Quantachrome Autosorb-1 system. Samples were
pretreated by heating at 383K under vacuum for 2h.
Specific surface areas were calculated by the BET
equation and pore size distributions were calculated from
the desorption branch using the BJH method. The
particle size distribution was determined using a Malvern
Mastersizer 2000 laser particle size analyzer. Magnetic
properties of the samples were studied by using a JSM-13
Vibrating Sample Magnetometer with a magnetic field of
12000 Oe. Scanning electron micrographs (SEM) were
observed on a Cambridge S-250 MK3 instrument.
Transmission electron micrographs (TEM) were recorded
on a Hitachi-800 electron microscope. The samples were
dispersed in ethanol and then treated ultrasonically in
order to disperse individual particles over a copper grid.
Surface chemical composition was studied by X-ray
photoelectron spectroscopy (XPS) using a VG ESCA-
LAB-220I-XL X-ray photoelectron spectrometer. The
pressure in the analysis chamber during the experiments
was 3 x 10~ mbar. Spectra were acquired using a
standard AlKa source (hv = 1486.6eV) operating at
15kV and 20mA. The binding energy scale was
referenced to the Cls line of aliphatic carbon contam-
ination set at 284.6eV.

2.3. Evaluation of the magnetic nano-scale
solid base catalyst

Catalytic activity of the solid bases was evaluated
using the liquid-phase aldol condensation of acetone
(>99.9%; Aldrich) as a probe reaction. The reaction
was carried out at 273K under an N, atmosphere in a
well-agitated 250 mL round bottomed flask maintained
in an ice bath. Typically, 2wt% of the catalyst relative
to acetone was used. The mixture of products was
analyzed by gas chromatography. Conversion to diace-
tone alcohol (DAA) was monitored as a function of
reaction time. After one reaction run, the mixture of
reactants, products and magnetic catalyst was trans-
ferred to a beaker equipped with an external magnetic
field of 385 G. The magnetic catalyst was attracted to the
bottom of the beaker. Liquid was easily removed, and
the catalyst was reclaimed for the next run.

3. Results and discussion

3.1. Structure and properties of the magnetic core
MgFe;0y

3.1.1. XRD characterization
The XRD patterns of MgFe-LDHs, i.e. the precursors
of the magnetic core, and their calcined products are

shown in Fig. 1A and B. It can be seen that all three
precursors have the characteristic structure of hydro-
talcite-like compounds [1,21,22]. The MgFe-LDH with
an Mg/Fe ratio of 1:2 shows poorer crystallinity than
those having Mg/Fe ratios of 2:1 and 1:1, due to the
higher charge density in the layers [1,21]. However, this
sample gives more crystalline MgFe,O4 on calcination,
with smaller amounts of iron oxides than other samples.
As shown in Fig. 1B, after calcining at 1173 K, the
characteristic reflection peaks of the MgFe-LDHs
disappear and new phases are formed. Five strong
peaks located at 30.2°, 35.5°, 43.2°, 57.0° and 62.7°, and
two weak peaks at 37.1° and 53.6° are observed in the
XRD patterns of the calcined samples, which can be
assigned to the (220), (311), (400), (511), (440), (222) and
(422) reflections, respectively, of the MgFe,O4 spinel
structure (JCPDS 17-0465). The characteristic reflec-
tions of MgO at 43.2° and 62.7° overlap with the spinel
(400) and (440) reflections, but from the relative
intensity of the peaks, it is possible to estimate the
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Fig. 1. XRD patterns of MgFe-LDH with various Mg/Fe ratios (A)
and samples calcined at 1173K (B). (a) 2:1, (b) 1:1, (c) 1:2, @ MgO;
| | MgF6204; A (Z-Fezo_';.
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different amounts of MgO. The characteristic reflections
of a-Fe>O; at 33.2° and 49.5° can also be seen in
Fig. 1B(c). Taking into account both the relative
intensity and width of the reflections in Fig. 1B, it can
be seen that the spinel with the highest crystallinity was
obtained from the MgFe-LDH having an Mg/Fe
ratio of 1:2, and this calcined sample was employed as
the magnetic core in our work.

3.1.2. Mossbauer spectroscopy

Fig. 2 shows the room temperature Mdssbauer
spectrum of the MgFe,O4 sample. MgFe,O4 displays
an asymmetrical sextet that is characteristic of the
presence of a magnetic hyperfine field distribution [23].
Deconvolution showed that this hyperfine six-line
spectrum can be fitted by three six-line sub-spectra (also
shown in Fig. 2) whose calculated parameters are
summarized in Table 1, suggesting that three different
Fe species are present in the sample. According to the
values of the isomer shifts, the iron is exclusively in
oxidation state + 3 since the isomer shifts J are less than
0.54mms~' [24]. Two of the six-line sub-spectra can be
ascribed to Fe’" at A- and B-sites in the MgFe,O4

separations [24]. From the relative areas of the sub-
spectra peaks, the amount of Fe’* at B-sites is greater
than that at A-sites. The quadrupole splitting (AE) data
give further insight into the cubic spinel structure. The
larger the absolute value of AE, the greater the deviation
of local symmetry from cubic symmetry, that is, Fe’*
ions at A-sites (27.7%) with quadrupole splitting of
0.023mms~' are in slightly more distorted cubic
symmetry compared with those at B-sites (0.007 mms ")
[24]. The hyperfine field corresponding to the third six-
line sub-spectrum is 51.6 T, demonstrating [24] the
existence of a-Fe,O5 in the sample with a content of
merely 6.6%, in agreement with XRD analysis.

3.1.3. Magnetic properties, specific surface area and
particle size

When the magnetization of the MgFe,O, core
material was measured as a function of the applied field
at room temperature, the characteristic [25] hysteresis
loop shown in Fig. 3a was obtained. The measured
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Fig. 2. Room temperature Mossbauer spectrum of MgFe,O4. The
hyperfine six-line spectrum can be fitted with the three groups of six-
line sub-spectra shown in the figure, suggesting that three different Fe
species are present in the sample.

Table 1

Fig. 3. Variation in magnetization (in emu/g) of (a) MgFe,0O, and (b)
MgAl-OH-LDH/MgFe,04 at room temperature as a function of the
applied field (in Oe). The observed hysteresis loops are characteristic
of soft ferromagnetic materials.

Méssbauer spectral data of MgFe,0, at room temperature IS (mms~'): isomer shift relative to sodium nitroprusside; AE (mms~'): quadrupole
splitting

Iron species FWHM/mms ™! IS/mms~! AE /mms~! Spectral contribution/%
Fe’*(A) 0.453+0.052 0.326+0.017 0.023+0.009 27.71
Fe’ " (B) 0.855+0.039 0.253+0.017 —0.007£0.008 65.68
Fe,0; 0.228+0.034 0.393+0.017 —0.134+0.013 6.61
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saturation magnetization intensity os was 18.40 emu/g,
indicative of strong soft magnetic properties [25]. Low
temperature N, adsorption—desorption measurements
gave a specific surface area of only 5.4m”g~'. Laser
particle size analysis showed that uniform nano-scale
MgFe,O4 particles with diameters around 60 nm had
been prepared.

3.2. Structure of the magnetic catalyst precursor
MgAl-COs-LDHIMgFe,0,

The XRD pattern of MgAl-CO5;-LDH/MgFe,0, is
illustrated in Fig. 4a. The presence of the hydrotalcite-
like compound is clearly demonstrated. The three peaks
at low 20 angles correspond to the basal reflection and
higher order reflections, and the two peaks at 20 ~60°
are due to the (110) and (113) reflections [1]. The high
relative intensity and symmetry of these peaks confirm
the good crystallinity of the layered phase. At the same
time, the characteristic reflections of MgFe,O,4 can be
observed at 20 angles of 30.2°, 35.5°, 43.2°, 57.0° and
62.7° with lower intensity, due to its relatively low
content. This suggests the presence of MgFe,O,4 cores
does not influence the formation of crystalline MgAl-
CO5-LDH and the two phases maintain their structural
integrity in the composite magnetic catalyst precursor
MgAl-CO3-LDH/MgF6204

The TEM micrograph of MgAl-CO5;-LDH/MgFe,O,
(Fig. 5a) shows the regular hexagonal morphology
characteristic of hydrotalcite-like materials. After calci-
nation at 773K, MgAl-COs-LDH/MgFe,O4 is con-
verted into MgAl(O)/MgFe,O4 by a process involving
decomposition of the interlayer carbonate anions. The
XRD pattern of MgAl(O)/MgFe,O, (Fig. 4b) shows
the complete disappearance of the (00/) reflections of the
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Fig. 4. XRD patterns of magnetic precursor MgAl-CO5;-LDH/
MgFe,0y, (a), calcined product MgAl(O)/MgFe,0, (b), magnetic solid
base catalyst MgAl-OH-LDH/MgFe,0, (¢) and reclaimed magnetic
solid base catalyst (d) (@, MgO; B, MgFe,0,).

(b)

Fig. 5. TEM micrographs of (a) MgAIl-CO;-LDH/MgFe,O4 and
(b) MgAIl(O)/MgFe,O4 (Scale bar=200nm in both cases).

LDH structure and the appearance of the characteristic
reflections [1] of a mixed oxide denoted as MgAIl(O) at
260 values of 43.3° and 62.6°. Meanwhile the character-
istic diffraction pattern of MgFe,O,4 remains unchanged
although the (400) and (440) reflections are overlapped
by the broad peaks due to MgAl(O).

The TEM micrograph of MgAl(O)/MgFe,O4
(Fig. 5b) shows that the morphology of the mixed
LDH phase is essentially retained on calcination,
although the hexagonal crystals become slightly less
regular in shape.

3.3. Structure and properties of magnetic solid base
MygAI-OH-LDHIMgFe,0,

3.3.1. Crystal structure and morphology

The XRD pattern of the magnetic solid base catalyst
MgAIl-OH-LDH/MgFe,0,4 produced by rehydration of
MgAl(O)/MgFe,0, is shown in Fig. 4c. The appearance
of new peaks characteristic of the layered structure of
LDH and the disappearance of the MgAl(O) reflections
can be clearly observed. The comparatively broad (00/)
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reflections and a dyp3 spacing of 0.77nm, are in good
agreement with the literature for an LDH which has a
meixnerite-like structure containing interlayer hydroxide
ions and a small crystallite size [26]. The asymmetric
broadening of the (110) and (113) reflections is
indicative of a turbostratic disorder which alters the
shape of all (hk0) reflections [27]. Furthermore, the
characteristic reflections of MgFe,O,4 are unchanged,
indicating that the reconstruction procedure does not
perturb the structure of MgFe,0y,.

SEM and TEM micrographs of MgAl-OH-LDH/
MgFe,04 are shown in Fig. 6. The SEM micrograph
(Fig. 6a) illustrates that the particles are covered with a
network of thin plates, leading to micro-sized sponge-
like aggregates, which is very similar to regenerated
LDHs with CO3 ™ anions in the interlayer [28]. The TEM
micrograph (Fig. 6b) clearly demonstrates the presence
of irregular hexagonal plate-like particles with diameters
in the range 50-100nm. A high-resolution TEM
micrograph (Fig. 6¢) clearly reveals the presence of a
ferrite core coated with a thin layer of the LDH
material.

3.3.2. Magnetic properties and particle size

When the magnetization of MgAl-OH-LDH/
MgFe,O4 was measured as a function of the applied
field at room temperature, the characteristic [25]
hysteresis loop shown in Fig. 3b was obtained. The
measured saturation magnetization intensity ; was only
1.80 emu/g, much lower than that of the MgFe,O,4 core
material alone. Although this g, value is relatively low, it
is still possible for magnetic separation of catalyst from
the reactants by application of an appropriate external
magnetic field. The reduction in the o, value of MgAl-
OH-LDH/MgFe,O4 compared with that of MgFe,Oy, is
consistent with the lower content of the spinel phase in
MgAl-OH-LDH/MgFe,04. Indeed, our experiments
with different loadings of MgAl-LDH on MgFe,04
confirm that the saturation magnetization decreases
with increasing MgAl-LDH loading.

Laser particle size analysis of MgAl-OH-LDH/
MgFe,O4 gave a narrow particle size distribution in
the range 35-130 nm, which is in good agreement with
the TEM results.

3.3.3. Surface area and pore structure

The low temperature N, adsorption and desorption
isotherms of MgAl-OH-LDH/MgFe,O4 are shown in
Fig. 7. A type IV isotherm with a broad hysteresis loop
is observed in the middle range of relative pressure,
typical of mesoporous solids [29]. At low relative
pressure (p/po<0.3) the prevailing process is the
formation of a monolayer, while multilayer adsorption
takes place at a higher relative pressure. At p/py>0.3
capillary condensation occurs in the mesopores, result-
ing in a gradual small increase in N, adsorption.

Fig. 6. SEM (a) (Scale bar=4000nm) and TEM {(b) Scale
bar=200nm, (c) Scale bar=67nm} micrographs of MgAl-OH-
LDH/MgFe,0,.

However, at p/py>0.85, the adsorption isotherm rises
abruptly due to capillary condensation in large meso-
pores and macropores. The form of the hysteresis loop is
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Fig. 7. N, adsorption—desorption isotherms of MgAI-OH-LDH/MgFe,0,.

a combination of types H2 and H4 (predominantly H2,
probably) according to the IUPAC classification [30],
suggesting that these pores are mainly slit-like or
groove-like in shape, which might be related to the
randomly stacked layered structure of the MgAIl-OH-
LDH/MgFe,O4. The irregular form of the hysteresis
loop also indicates the presence of non-uniformity in
pore size and/or shape. The pore size of MgAl-OH-
LDH/MgFe,0, is in the range 2-20nm with a small
fraction of macropores. The BET specific surface area is
77m*g~'. The magnetic solid base MgAl-OH-LDH/
MgFe>O4 has a mesoporous structure and reasonably
high surface area, which should prove beneficial in
catalytic reactions.

3.3.4. XPS analysis

In order to investigate the microstructure of MgAl-
OH-LDH/MgFe,O, and the interaction between
MgFe,O, and MgAI-OH-LDH phases, the surface
chemical composition was determined by XPS analysis.
For comparison, XPS data for MgFe,O, and MgAl-
OH-LDH together with ICP analysis are given in Table
2. It can be seen that the detectable elements on the
surface of MgAl-OH-LDH/MgFe,O,4 are Mg, Al, Fe
and O with atom percentages of 33.69%, 8.63%, 0.09%
and 57.59%, respectively. The signal for Fe is very weak,
and the Mg/Fe ratio on the surface is calculated to be
387, which is much greater than the bulk composition of
MgAl-OH-LDH/MgFe,0,4 on the basis of ICP analysis.
This shows that the Fe’" is predominantly located in
the interior rather than on the surface, confirming that
the MgAl-OH-LDH phase exists as a surface layer and
MgFe,0, is embedded in the core of the composite
material.

Table 2
XPS and ICP data

Binding energy/eV

Mg2p Al2p Fe2ps, Ols Cls
MgAl-OH-LDH/MgFe,0, 494 739 7108 5314 2846
MgFe,0, 488  — 7109 5299 284.6
MgAl-OH-LDH 494 739 — 531.4  284.6
MgAI-OH-LDH/MgFe,0,  Surface® Bulk®
Mg/Fe (mol/mol) 387 10.3
Mg/Al (mol/mol) 3.92 2.17

“Based on XPS data.
®Based on ICP data.

Binding energies are not only element specific, but
also contain chemical information, because the energy
levels of core electrons depend on the chemical state of
the atom. Chemical shifts arise from the variation of
electrostatic screening experienced by core electrons, as
valence electrons are drawn towards or away from the
atom [31]. From Table 2, it can be seen that the binding
energies of Mg2p, Al2p, and Ols in MgAIl-OH-LDH/
MgFe,O4 are same as those in MgAl-OH-LDH,
confirming the presence of the MgAl-OH-LDH layers
in the composite. However, for MgAl-OH-LDH/
MgFe,O4, the binding energy of Felps, is slightly
lower than that for MgFe,0,4, while the binding energy
of Ols of MgAl-OH-LDH/MgFe,QOy, is higher than that
for MgFe,O4. Although small, these shifts are consistent
with an interaction between the MgAI-OH-LDH phase
and the magnetic core MgFe,O,4 through Mg-O-Fe and
Al-O-Fe bonds formed at the interface. Given that the
electronegativity of Fe is higher than that of Mg and Al,
the electron density at Fe’* increases as Fe® ™ is linked
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with Mg?" or AI’* through oxygen atoms, inducing a
stronger electrostatic shielding for Fe*". The binding
energy thus decreases for Fe2ps,, whereas it increases
for Ols.

On the basis of the above analysis, we propose a
tentative model for the magnetic solid base MgAl-OH-
LDH/MgFe,0, catalyst as shown in Fig. 8. The
structure involves MgAl-OH-LDH Brensted base cata-
lytic layers supported on MgFe,>Oy4 spinel cores through
Mg-O-Fe and Al-O-Fe linkages. Not only are the
structures of MgAIl-OH-LDH and MgFe,O, main-
tained, but the catalytically active OH ™ sites are also
exposed on the particle surface, which should be
favorable for base-catalyzed reactions.

3.3.5. Catalytic activity

The aldol condensation of acetone is often used as a
model system for fundamental studies of the catalytic
properties of LDHs [3,26,32]. The main product
obtained is diacetone alcohol (DAA), with a small
amount of mesityl oxide formed by dehydration [26].

The catalytic activity of the magnetic solid base
MgAl-OH-LDH/MgFe,O, was tested in the aldol
condensation of acetone, together with MgO, Mg(OH),
and the magnetic material MgFe,O,4 alone for compar-
ison. Fig. 9 shows the catalytic performance of these
materials. Mg(OH), and MgFe,O,4 samples are cataly-
tically inactive and MgO gives very low DAA conver-
sion (only 0.68% after 265 min). This is due to their lack
of surface Bronsted base sites, which are the catalytically
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Fig. 8. Structural model of MgAl-OH-LDH/MgFe,0,.
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Fig. 9. Activity of different catalysts in the aldol condensation of
acetone: DAA conversion as a function of reaction time (M, fresh
MgAIl-OH-LDH/MgFe,O4; A, recovered MgAl-OH-LDH/MgFe,O0y;
¢, MgO; O, Mg(OH),; A, MgFe,0y,).

active centers for the aldol condensation of acetone
[3,26]. In contrast however, MgAl-OH-LDH/MgFe,O,4
has very high catalytic activity and selectivity to DAA.
The DAA conversion increases with reaction time, and
after 310 min reaches 23%, which is very close to the
thermodynamic equilibrium conversion (23.1%) at
273K [3]. This value is higher than that reported in
the literature [26] for unsupported MgAI-OH-LDH.

The higher catalytic activity of MgAl-OH-LDH/
MgFe,O4 compared with that of MgAl-OH-LDH
indicates that the introduction of the magnetic material
MgFe,04 not only does not reduce catalytic activity, in
fact it slightly promotes the conversion to DAA.
According to the literature [26], only OH™ ions near
edges of platelets are effective in catalyzing the aldol
condensation. It is reasonable to assume that a larger
number of basic OH™ sites occur on the surface layers of
MgAIl-OH-LDH/MgFe,04 compared with bulk MgAl-
OH-LDH. In the synthesis process of the magnetic
precursor MgAl-CO;-LDH/MgFe,O4 as well as subse-
quent calcination and rehydration steps, the magnetic
cores MgFe,O, become well dispersed, supporting
MgAI-OH-LDH as surface layers, thus reducing aggre-
gation of particles, leading to the irregular plate-like
layered structure revealed by TEM in Fig. 6(b). In this
way, MgAl-OH-LDH/MgFe,O4 has more OH™ sites
exposed on the surface layers than bulk MgAIl-OH-
LDH, and exhibits higher activity.

After one run in the aldol condensation of acetone,
the nano-scale magnetic catalyst MgAl-OH-LDH/
MgFe,O4 was reclaimed by application of an external
magnetic field of 385 G with a reclaim ratio of 86 wt%,
and then used in second run. The DAA conversion over
reclaimed MgAIl-OH-LDH/MgFe,O,4 as a function of



780 H. Zhang et al. | Journal of Solid State Chemistry 177 (2004) 772—-780

time is also shown in Fig. 9. It can be seen that high
activity, comparable to that of fresh sample, was
obtained for DAA conversion (up to 22.7% after
325min of reaction). The weight loss of the catalyst
can be attributed to some of the water molecules located
in the interlayer region being removed with volatile
acetone. Furthermore, the XRD pattern of the re-
claimed catalyst shown in Fig. 4d is unchanged after
reaction, which is consistent with the catalytic results.

4. Conclusions

A novel magnetic nano-scale solid base MgAl-OH-
LDH/MgFe,04 was synthesized from a layered pre-
cursor followed by calcination and rehydration steps.
The MgAI-OH-LDH Bronsted base catalytic layers are
coated over magnetic MgFe,O, spinel cores, probably
through Mg-O-Fe and Al-O-Fe linkages. This struc-
ture leads to a high activity of the synthesized MgAl-
OH-LDH/MgFe,O4 in the aldol condensation of
acetone, followed by effective reclamation through
application of an external magnetic field. Introducing
magnetic properties into nano-scale solid bases derived
from layered double hydroxides by introducing mag-
netic cores may offer broad perspectives in tailoring the
catalytic properties of these materials and easy recovery
of the catalysts offers many potential applications.
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