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The present letter reported the synthesis of MgO-containing magnetic nanocomposites by
calcinations of tailored hydrotalcite-like layered double hydroxides (LDHs) of the type
[Mg1_x—,Fe2"Fe3*(OH)21**(A)/2-mH,0 (y > 0; A = CO3~ or SO}") precursors at 900°C for

2 h. The results indicate that calcination of LDHs gives rise to the formation of magnetic
nanocomposites of MgO and MgFe,0, spinel ferrite, where MgO formed could disperse
and separate MgFe,0, particles, and MgO itself was also dispersed or embedded uniformly
in the MgFe, 0,4 spinel matrix. Furthermore, initial studies on the bactericidal properties
with staphylococcus aureus show that these as-synthesized nanometer-sized materials
have significant bactericidal effect, which increases with the increasing volume fraction of
MgO. © 2005 Springer Science + Business Media, Inc.

1. Introduction
Studies of materials with nanometer-sized particles (1—
100 nm in diameter) have been very progressive during
past years because of the dependence of the new physic-
ochemical properties of materials on nanoparticle size
[1]. One of the interesting groups consists in metal ox-
ide compounds, e.g., ultra fine and nanoscale magne-
sium oxide particles with interesting basic property and
high specific surface area have many applications. In
particular, they have shown great promise as destruc-
tive adsorbent for toxic chemical agents [2], and as bac-
tericidal agents [3]. Moreover, Klabunde and cowork-
ers have also found that magnesium oxide nanoparti-
cles with adsorbed elemental chlorine are quite active
as biocides [4]. Magnesium oxide is obtained mainly
by thermal decomposition of magnesium hydroxide or
carbonate [5] and by the sol-gel process [6], which are
closely related to the morphology and particle size.
Layered double hydroxides (LDHs), also known as
hydrotalcite-like materials, are a class of synthetic two-
dimensional nanostructured anionic clays whose struc-
ture can be described as containing brucite-like lay-
ers in which a fraction of the divalent cations have
been replaced isomorphously by trivalent cations giving
positively-charged sheets with charge-balancing anions
between the layers [7]. LDHs have the general formula
[M3T M3+ (OH), ¥ (A" )y /y-mH,0, where M?* and
M3+ are di- and trivalent cations respectively, includ-
ing Mg+, Fe’*, Co”*, Cu?*, Ni**, or Zn>* and AI’*,
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Cr’t, Ga*t, Mn?* or Fe’T, respectively; x is equal to
the molar ratio of M>*/(M?** 4+ M>"); and A" is an
anion, such as CO%‘, SOﬁ‘, NO;, F~, CI™ or POi_
[8]. Therefore, a large class of isostructural materi-
als considered complementary to aluminosilicate clays
with widely varied physicochemical properties can be
obtained by changing the nature of metal cation, the
molar ratio of M?>T/M3* as well as the type of the
interlayer anion. These materials are potentially attrac-
tive precursors for spinel ferrites since they are often
formed with mixtures of the same cations and have
been shown to have an absence of long-range cation
ordering [9]. Calcination of LDHs at intermediate tem-
peratures (450-600°C) affords poorly crystalline mixed
metal oxides [10]. Calcination above 750°C is known
to give spinel ferrites, but these are always mixed with
the oxide of divalent metal [11]. This reflects the fact
that in LDHs, the divalent cations are always present in
greater amount than the trivalent cations (the stoichio-
metric x above is found typically in the range 0.2-0.33,
corresponding to the molar ratio of M>*/M3* of 2—4).
However, we have synthesized successfully pure mag-
netic MgFe, Oy spinel ferrite with nanoscale crystallite
size and high saturation magnetization by calcination
of tailored Mg-Fe?*-Fe**-LDHs containing interlayer
carbonate or sulphate ions [12, 13], because oxidation
of Fe>* ions on the lattice of LDHs at high calcination
temperatures in air can give additional Fe** ions, and
thus overcoming the deficiency of trivalent ions.
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On the basis of the above facts, it is rather possi-
ble that nanocomposites containing a small amount
of MgO dispersed or embedded in a large amount of
MgFe, 04 spinel matrix can be prepared by calcinations
of tailored hydrotalcite-like layered double hydroxides
(LDHs) containing Mg”*, Fe3* and/or Fe’* cations
on the lattices. Furthermore, these as-synthesized ma-
terials may be suitable as bactericidal agents due to
the presence of nanoscale magnesium oxide formed.
In addition, as magnetic materials they combine the
advantages of being easy to separate and recover at
magnetic field, and not inclining to causing loss and
pollution because they do not retain any magnetism
after removing the magnetic field. Therefore, in this
paper, we focus attention on the synthesis of LDHs
of the type [Mg; _x—yFe]*Fe)*(OH), 1" (A)x/2-mH20

(y=0;,A= CO%‘ or SOZ‘) precursors. The purpose
is to characterize the phase compositions of the re-
sulting calcined LDHs by dependence on the Mg/Fe
molar ratio. And initial studies on the bactericidal
properties of these calcined materials have also been
carried out.

2. Experimental

2.1. Preparation of samples

Layered double hydroxides sulphate containing Mg?*,
Fe?* and Fe** ions (Mg-Fe?*-Fe*T-SO4-LDHs) were
prepared by coprecipitation method under nitrogen at-
mosphere (in order to minimize the contamination with
atmospheric CO;). A mixed salt solution of Fe;(SOy)3,
FeSO, and MgSO, was dissolved in Nj-saturated
deionized water ([Mg>* + Fe? 4+ Fe’*] = 1.2 mol/L).
A base solution ([NaOH] = 1.5 M) in Nj-saturated
deionized water was added dropwise to the stirred the
mixed salt solution at 25°C until the pH reached 10.0.
The resulting suspension was aged at 40°C for 4 h
under N, atmosphere. The mixture was cooled, fil-
tered and washed with N,-saturated deionized water
at 0°C, and then Nj-saturated ethanol at 0°C. The final
gelatinous precipitate was dried at room temperature
and stored at 0°C under N;. Layered double hydrox-
ides carbonate containing Mg?* and Fe** ions (Mg-
Fe3*-CO3;—LDHs) were prepared by coprecipitation
method. A base solution of NaOH and Na, CO3 ([CO?]
= 2[Fe’t], [OH™] = 2{2[Mg>*] + 3[Fe’*]}) was
added dropwise with vigorous stirring to an aqueous
mixed salt solution containing Mg(NO3), and Fe(NO);3
([Mg>* + Fe3*] = 1.2 mol/L) at 25°C until the pH
reached 10.0. The resulting suspension was aged with
stirring at 100°C for 4 h. The mixture was cooled, fil-
tered and washed with deionized water. The resulting
solid was dried at 60°C for 24 h. The above-synthesized
LDHs precursors were calcined at 900°C for 2 h in air,
and then the resulting products were slowly cooled to
room temperature.

2.2. Characterization

Powder X-ray diffraction (XRD) patterns of the sam-
ples were recorded using a Rigaku XRD-6000 diffrac-
tometer under the following conditions: 40 kV, 30 mA,
graphite-filtered Cu-Ko radiation (A = 0.15418 nm).
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The samples, as unoriented powders, were step-scanned
in steps of 0.04° (20) using a count time of 10 s/step.

Elemental analysis was performed using a Shi-
madzu ICPS-75000 inductively coupled plasma emis-
sion spectrometer (ICP-ES) for metal ions. Samples
were dried at 100°C for 24 h prior to analysis, and
solutions were prepared by dissolving the samples in
dilute hydrochloric acid (1:1).

Fourier transform infrared (FT-IR) spectra were
recorded in the range 4000 to 400 cm ! with 2 cm™! res-
olution on a Bruker Vector-22 Fourier transform spec-
trometer using the KBr pellet technique (1mg of sample
in 100 mg of KBr).

The specific area was determined from N, adsorption
measurements in a Sorptomatic1990 automatic gas ad-
sorption instrument. Prior to the measurements, sam-
ples were degassed at 200°C under vacuum for 2 h.
Specific surface area was calculated from according to
the Brunauer—-Emmett—Teller (BET) method.

Transmission Electron Microscopy (TEM) studies
were performed using a Hitachi H-800 model machine
for high-resolution observation. The accelerating volt-
age applied was 100 kV.

Mossbauer spectra were recorded with an Oxford
MS-500 instrument at 293 K. A radiation source of
Co”’ in an Rh matrix was used. The isomer shifts are
reported relative to sodium nitroprusside.

The magnetic measurement of samples was taken on
alocally made JDM-13 vibration sample magnetometer
(VSM) in an applied magnetic field of 15 KOe. Metal
nickel powder as a standard sample calibrated for error
in the test.

2.3. Sterilization test with staphylococcus
aureus

Aqueous suspension of 1.0 wt% for the calcined LDHs
in a tube was put into a boiling pot under high pressure
for 1 h, then fresh cultivated staphylococcus aureus
suspension was dropped into the tube, where staphy-
lococcus aureus had a concentration 103CFU (colony
forming units)/mL. After the calcined LDHs reacted
with staphylococcus aureus at 37°C for 2 h, the reac-
tion system was diluted with water and the test was kept
for 24 h.

3. Results and discussion

3.1. Structure of the LDHs

Fig. 1 illustrates the powder XRD patterns for Mg-
Fe?*-Fe**-S04-LDHs and Mg-Fe?*-COs-LDHs with
the different Mg/Fe molar ratios in the synthesis
mixture, whilst Table I summarizes the analytical and
structural data of LDHs. Obviously, note that in each
case the XRD patterns exhibit the characteristic diffrac-
tions of hydrotalcite-like layered double hydroxide ma-
terials [11, 14] and no other crystalline phases are
present. The most close XRD patterns for LDHs con-
taining interlayer sulfate (see Fig. 1a and b) and LDHs
containing interlayer carbonate (see Fig. 1c and d) are
JCPDS file No. 39-0338 and JCPDS file No. 38-0487,
respectively. Moreover, the XRD patterns exhibit the



TABLE I Structure and component of the synthesized LDHs

Sample LDH-a LDH-b LDH-c LDH-d

Initial Mg+ /Fe?t/Fe3+ 4:5:2 552 2:0:1  3:0:1
molar ratio

Initial (Mg>* + Fe?*)/Fe3* 45 5.0 2.0 3.0
molar ratio

Initial Mg/Fe molar ratio 0.571 0.714 2.0 3.0

Lattice parameter a (nm) 0314 0315 0310 0.310

Lattice parameter ¢ (nm) 3253 3262 2301 2.324

Final Mg/Fe molar ratio in LDHs  0.534  0.723  2.190  3.191

003
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Figure 1 Powder XRD patterns of Mg-Fe-LDHs: (a) LDH-a, (b) LDH-b,
(c) LDH-c, and (d) LDH-d.

sharp characteristic diffraction lines appearing as sym-
metric lines at low 26 angle, corresponding to the basal
spacing and its higher order diffractions, as indicates
that the samples consist of a well crystallized single
phase. Compared to the XRD patterns for Mg-Fe’*-
CO;-LDHs, those for Mg-Fe?*-Fe?+-SO,-LDHs show
out a smaller degree displacement of (003) diffraction
line denoting an increase in the basal spacing (doo3)
due to the presence of different interlayer anions, sul-
fate and carbonate ions. Meanwhile, it can be seen from
Table I that the final Mg/Fe molar ratios in the prod-
ucts are close to those in the synthesis mixture. It sug-
gests that almost all the metal ions can be coprecipitated
completely.

It is well known that LDH is a hexagonal system,
where the lattice parameter a is a function of the av-
erage radii of metal ions within the layers and reflects
the density of metal ions stacking in 003 crystal plane,
whilst the lattice parameter c is three times the distance
from the center of one layer to the next and is a function
of the average charge of the metal ions, the nature of
the interlayer anion and the interlayer water content.
Assuming a 3R stacking of the layers and from the po-
sitions of the (003) and (110) diffractions, although the
latter (the lower angle component of the characteristic
doublet diffractions close to 20 = 59°) is rather broad
and ill-defined, the lattice parameters a and ¢ dependent
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Figure 2 FT-IR spectra for LDHs: (a) LDH-a, (b) LDH-b, (c) LDH-c,
and (d) LDH-d.

of the composition of LDHs may be calculated [15]. As
shown in Table I, with increasing the content of Fe>*
ions, the lattice parameter a (= 2d;¢) increases gradu-
ally, reflecting the fact that the Shannon ionic radii for
octahedral high spin Fe?*, Mg?* and Fe** are 0.092,
0.086 and 0.079 nm, respectively. The lattice parameter
¢ (= 3doo3) has been shown to increase with increasing
M?*/M3** molar ratio when the interlayer anion is iden-
tical. This is consistent with the decrease in Coulom-
bic attractive force between the negatively charged in-
terlayer anions and the positively charged brucite-like
layers as the proportion of trivalent ions in the latter
decreases. Furthermore, as expected, the values of the
lattice parameter ¢ for the Mg-Fe?*-Fe’*-SO4-LDHs
are much bigger than those for Mg-Fe3+-CO3-LDHs
due to different interlayer anions.

The FT-IR spectra of the as-synthesized LDHs in
the region between 400 and 4000 cm™! are illustrated
in Fig. 2. In general the strong and broad band ob-
served around 3600-3200 cm™' corresponds to the
O-H stretching vibration of surface and interlayer wa-
ter molecules [7], which are found at lower frequency
in LDHs compared with the O-H stretching vibration
in free water at 3600 cm~! [16]. This is related to the
formation of hydrogen bonding of interlayer water with
the guest anions as well as with hydroxide groups of
layers [17]. The adsorption at 1635 cm™! is assigned
to the bending vibration of water, §(H,O). The FT-IR
spectra of Mg-Fe?T-CO3-LDHs show an intense band
at around 1382 cm™! associated with the symmetric
stretching mode of interlayer carbonate anion, whilst
there is an absorption at around 1107 cm~!, which
arises from the symmetric stretching mode of the inter-
layer sulfate anion of Mg-Fe?*-Fe**-SO4-LDHs. The
bands observed in the low-frequency region of the spec-
trum are interpreted as the lattice vibration modes and
can be attributed to M-O from 850 to 600 cm~! and
O-M-O near 440 cm™! vibrations [18].
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Figure 3 Powder XRD patterns for the calcined LDHs: (a) calcined
LDH-a, (b) calcined LDH-b, (c¢) calcined LDH-c, and (d) calcined
LDH-d.

3.2. Structure of the calcined LDHs

Fig. 3 displays the powder XRD patterns for the mate-
rials obtained by calcination of LDHs at 900°C for 2 h.
Note that calcination has destroyed the layered structure
of LDHs since no characteristic diffractions of LDHs
are present. In each case the XRD spectrum exhibits a
series of diffraction lines corresponding to the charac-
teristic interplanar spacings (220), (311), (400), (422),
(511) and (440) of the spinel structure. Although all of
the main diffractions of MgO coincide with those of
MgFe, 0y, the relatively high intensities of the diffrac-
tion lines around 26 values of 43° and 63° in the XRD
pattern of calcined LDHs suggest that these are super-
positions of diffractions due to the spinel phase and
magnesium oxide (see Fig. 3), consistent with the high
Mg?*/(Fe** + Fe**) molar ratio in the LDHs precur-
sors. Moreover, it can be noted that the relative intensi-
ties of (311) diffraction for MgFe,Oy4 to the diffraction
lines around 26 angels of 43° and 63°, respectively, are
reinforced with the increasing Mg?*/(Fe*t + Fe’t)
molar ratio, as suggests that the volume fraction of
MgO in the calcined LDHs also increased gradually,
consistent with the theoretical values calculated given
that LDHs are calcined completely into MgFe,O4 and
MgO without other reaction phases. Mossbauer spec-
troscopy studies have also confirmed that there are par-
tial overlaps of two fitted six-line subpatterns due to

TABLE II Structure, component and properties of the caicined LDHs

the small difference between the hyperfine fields of the
iron atoms in the two sublattices for A-ions in tetrahe-
dral sites and B-ions in octahedral sites, and no signals
due to the existence of other phases such as Fe, O3 are
observed, confirming that, as expected, the Fe cations
of MgFe;04 phase in all samples have a 43 oxidation
state.

The average size of MgFe,O4 crystals may be
estimated with the X-ray broadening analysis us-
ing the (311) diffraction line for MgFe,O4 phase by
means of the well-known Scherrer equation [L =
0.89A/B(20)cosB] [19], where L is the crystallite size,
A is the wavelength of the radiation (0.15418 nm) of the
radiation used, 6 is the angle between the incident and
diffracted beams in degrees, and 8(20) is the width of
the XRD pattern line at half peak height in radians. It
can be seen from Table II that the all crystallite parti-
cles of MgFe,Oy lie in the nanoscale range from 36.1
to 13.5 nm, which decreases as the volume fraction of
MgO increases.

Fig. 4 shows the morphological characteristics of all
of the calcined samples investigated by TEM. The TEM
image for the calcined LDH-a sample with the lowest
amount of MgO phase clearly demonstrates the pres-
ence of regular intergranular plate-like particle, and
the sizes of particles become in the range of about
100-300 nm. Furthermore, with the increasing vol-
ume fraction of MgO, the size of intergranular par-
ticle decreases gradually up to 25-55 nm in the cal-
cined LDH-c sample. Meanwhile, it can be found that
the calcined LDH-a and calcined LDH-b seem to have
shown hard aggregates of sintered crystals (see Fig.
4a-b). However, the calcined LDH-d sample with the
largest amount of MgO shows more apparent soft ag-
gregates of nanoparticles, and the spherical secondary
aggregated particles are composed of the no more than
20 nm primary nanoparticles. In addition, it is also ev-
ident that the data of specific surface area in all of the
calcined LDHs (see Table II), which increases with the
increasing volume fraction of MgO, are closely related
to the sizes of composite particles by TEM, also fur-
ther confirming that both of the calcined LDH-a and
calcined LDH-b were present as hard aggregates of
sintered MgFe,Oy4 crystals due to the smaller amount
of MgO. The above result shows that an appropriate
amount of MgO can prevents effectively migration and
coalescence of MgFe,0y particles, and thus leading to
the formation of MgO/MgFe, 04 nanocomposites.

Therefore, use of a single precursor with cations dis-
tributed uniformly with no long order facilitates the syn-
thesis of metal oxide/spinelferrite nanoparticles. The

Sample Calcined LDH-a Calcined LDH-b Calcined LDH-c Calcined LDH-d
MgO (wt%) in calcined LDHs?* 1.4 8.3 40.5 52.0

Particle size of MgFezOZ (nm) 36.1 22.2 20.1 13.5

Saturation magnetization (emu/g) 22.7 21.5 143 11.5

Specific area (m?/g) 1.1 2.9 58.7 65.6

Number of residual bacteria after 24 h (CFU/ml) Too many to count 14750 10900 4700

Percent of bacteria sterilized after 24 h (%) - 99.87 99.91 99.96

2Calculated theoretically (see text).

® Average crystallite size of MgFe; Oy obtained with Scherrer equatioin by using the (311) reflection.
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Figure 4 TEM images for the calcined LDHs: (a) calcined LDH-a, (b) calcined LDH-b, (c) calcined LDH-c, and (d) calcined LDH-d.

close structural relationship between the LDHs pre-
cursors and its calcinations products is a key factor.
Rebours et al. have shown that collapse of the lay-
ered structure on heating an LDH at around 400°C
gives a poorly crystalline mixed metal oxide which
can best be described as spinel-like phase [20]. This
phase preserves the particle morphology of the LDH
[21], suggesting a topotactic transformation. In this case
the (110) diffraction of the LDH can transform to the
(440) spinel diffraction or the (220) MgO diffraction.
As aresult, itis clearly understood that after calcination
MgOformed could disperse and separate the MgFe,;04
particles On the contrary, MgO itself was also dispersed
or embedded uniformly in the MgFe,O4 matrix.

3.3. Magnetic and bactericidal properties

of the calcined LDHs
The field dependence of the magnetization of calcined
LDHs was measured at room temperature. The mag-
netic hysteresis loops of the samples are shown in
Fig. 5. The values of the saturation magnetization eval-

H{Oe)

T T T T T T y i T T T T T '
-15000  -10000  -5000 5000 10000 15000

Figure 5 Hysteresis loops for the calcined LDHs: (a) calcined LDH-a,
(b) calcined LDH-b, (c) calcined LDH-c, and (d) calcined LDH-d.

uated by extrapolation of the M vs 1/H to 1/H =
0 are on the same order of magnitude are shown in
Table II. As expected, the saturation magnetization
increases from 11.5 to 22.7 emu/g with increasing
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volume fraction of MgFe,;O4 phase in the nanocom-
posites. In addition, considering the different loading
weight of MgO in MgFe,O4 matrix, the saturation mag-
netization calculated at the same external field for single
phase MgFe; 0y is 23.0, 23.4, 24.0 and 24.0 emu/g for
nanocomposites with the increasing volume fraction of
MgO, respectively, which are much smaller than that
of pure MgFe,;04 (35.0 emu/g) reported in our previ-
ous research [13], as may possibly be attributed to the
smaller nanoparticle sizes of as-produced MgFe,O4 in
the kind of MgO/MgFe, 04 nanocomposites due to the
dispersion effect of formed MgO on the MgFe, O, crys-
tallites mentioned above.

The bactericidal properties of calcined LDHs were
investigated with a sterilizing staphylococcus aureus
test. It can be seen from Table II that the calcined
LDH-a with the lowest Mg/Fe molar ratio has almost
not bactericidal property. However, other three mag-
netic nanocomposites have a significant sterilization
property, which increases gradually with increasing
MgO content. This is because MgO dispersed in the
magnetic matrix has alkaline effect to absorb liquids
inside the bacteria cells and decomposition effect [22—
24] which to yield active oxygen species, such as su-
peroxide anion radical, through enhanced structure de-
fect by introducing transition metal element Fe species.
Therefore, active oxygen species could react with or-
ganic compounds in the bacteria and decompose them
into CO; and H,O. On the other hand, the high efficacy
of sterilization may also result from the fact that the
nanoparticles can enhance surface reactivity of materi-
als, and thus cover the bacteria cells to a high extent,
as reinforces abrasion effect on the wall of the bacteria
cells.

4. Conclusion

MgO-containing magnetic nanocomposites have been
successfully prepared by calcinations of hydrotalcite-
like layered double hydroxides (LDHs) of the type
[Mgi_x—yFe2Fel* (OH), " (A)x/2-mH20 (y = 0; A=
CO»%* or SO?[) precursors at 900°C for 2 h. In these
materials, the intergranular dispersed MgO particles in-
hibited the growth of MgFe, 0,4 grains, as contributed to
decreasing particle size of the type of nanocomposites.
The specific surface area increased with increasing vol-
ume fraction of MgO. The increased saturation magne-
tization was confirmed for composites containing larger
amount of MgFe,O,. Initial studies on the bactericidal
properties with staphylococcus aureus show that these
MgO/MgFe,O4 nanocomposites have significant ster-
ilizing effect, which increases with increasing molar
ratio of Mg/Fe, and are potential for magnetic disinfec-
tants. The results suggest that the method used in this
study is found to be of great advantage to prepare metal
oxide-containing magnetic nanocompositespossessing
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desirable microstructure for the multi functional
composites.
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