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A Fe;04/Ag composite, with high efficiency in the degradation of rhodamine B was synthesized through
a simple sonochemical method. These composites were obtained from sonication of Ag(NHs3)," and
(3-aminopropyl)triethoxysilane (APTES)-coated Fe;04 nanoparticles solution at room temperature in
ambient air for 1 h. A formation mechanism was proposed and discussed. This sonochemical method is
attractive since it eliminated the use of any reductants, which is necessary to transform the Ag* to the
Ag®. In comparison to high temperature or high pressure experimental processes, this method is mild,
inexpensive, green and efficient. The M-H hysteresis loop of these Fe;04/Ag composite microspheres
Fe304/Ag composites indicates that the composite spheres exhibit superparamagnetic characteristics at room temperature.
Recyclable catalysts Furthermore, these composites can be recycled six times by magnetic separation without major loss of
RhB activity. Thus, these Fe;04/Ag composites can be served as effective and convenient recyclable catalysts
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for practical application.

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

1. Introduction

Nanosized noble metal particles have attracted much attention
due to unique optical, magnetic and electric properties from their
bulk counterpart. In recent years, lots of works have focused on the
application of these noble metal nanoparticles and were widely
demonstrated in the literature [1-7]. For example, Zhao et al. pre-
pared PS/Ag microspheres for microwave absorbing and 70% of the
incident wave was absorbed by this nanoscale silver microwave
absorbing coating [5]. Rather et al. reported that Ag/CNTs compos-
ites showed enhanced hydrogen storage capacity [6]. Gutes et al.
opened up opportunities for the quantitative and in-field chemi-
cal trace analysis using silver nanodesert rose substrates [7]. It has
been extensively demonstrated that nanosized metal particles have
high catalytic activities for degradation of toluene, NO reduction,
CO oxidation for their very large surface-to-volume ratio [8-10].
However, metal-nanoparticle catalysts would encounter an obsta-
cle when applied in practice, that is, the difficulties in separating
the products and residual catalysts with traditional methods such
as centrifugation or filtration [11]. Therefore, the immobilization of
metal nanocatalysts has attracted a lot of attention. Among various
support materials, magnetic-nanoparticle supports are of partic-
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ular interest because they permit the catalysts to be recovered
efficiently by applying an external magnetic field.

Up to now, many methods have been established for synthesis
of metal nanoparticles, including vapor deposition [12], chemi-
cal reactions [13], electroless plating [14]. However, more work
is still needed to simplify the synthesis method. As a competi-
tive alternative, the sonochemical method has been widely used to
fabricate nanoparticles with unusual or improved properties. The
physiochemical effects of ultrasound arise from acoustic cavitation,
that is, the formation, growth and implosive collapse of bubbles
in liquid. The implosive collapse of bubbles in liquid can accel-
erate many chemical reactions. Hence it offers a very attractive
method for synthesis and application of various nanocomposites
[15-20]. For example, Dang et al. synthesized magnetite nanopar-
ticles with improved magnetic properties by sonochemistry [15].
Salavati-Niasari et al. reported a sonochemistry method to syn-
thesize Dy,(CO3)3-xH,0 nanoparticles which brought forward a
broad idea to synthesize other rare-earth compounds with various
morphologies and novel properties [16].Wang et al. synthesized
MnO,/MWNTs by sonochemistry and applied in hydrazine detec-
tion [17]. However, to date, no work has been reported on the
synthesis of Fe;04/Ag magnetic composites via an in situ sono-
chemistry method.

In this work, a simple, facile and speedy sonochemical method
was developed to synthesize Fe;04/Ag composites by three step
reactions. First, Fe304 nanoparticles were prepared by conven-
tional co-precipitation method. Second, the as-prepared Fe3O4
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nanoparticles were functionalized with functional amine group by
APTES [(3-aminopropyl) triethoxysilane]. Third, Ag* was reduced to
Ag® by sonication without using any reductant. The catalytic activ-
ity of the as-prepared composites for RhB degradation was also
investigated. The Fe304/Ag composites was characterized using X-
ray diffraction (XRD), transmission electron microscopy (TEM) with
energy dispersive spectroscopy (EDS), X-ray photoelectron spectra
(XPS), UV/vis absorption spectrum (UV-vis), and vibrating sample
magnetometer (VSM).

2. Experimental section
2.1. Reagents and instruments

Ferric chloride hexahydrate (FeCl3-6H,0, AR), Ferrous chloride tetrahydrate
(FeCl,-4H,0, AR), sodium borohydride (NaBH4), Sodium hydroxide (NaOH),
hydrochloric acid (HCl), rhodamine B (RhB, AR) from Sinopharm Chemical Reagent
Co.,Ltd (China).(3-aminopropyl) triethoxysilane (APTES) was purchased from Sigma
(USA). Silver nitrate (AgNO3), ammonium hydroxide (NHs3-H,0, 25%-28%) from
Lingfeng Chemical Reagent Co., Ltd of Shanghai (China). All reagents were used as
received without further purification.

X-ray powder diffraction (XRD) patterns of the products were obtained with
a Japan Rigaku DMax-yA rotation anode X-ray diffractometer equipped with
graphite monochromatized Cu K, radiation (1 =0.154178 nm). Transmission elec-
tron microscopy (TEM) photographs were taken on a Hitachi Model H-800 TEM
at an accelerating voltage of 200kV. The high-resolution transmission electron
microscopy (HR-TEM) images were taken on a JEOL-2010 TEM. X-ray photoelec-
tron spectra (XPS) were measured on an ESCA Laboratory MKII instrument with Mg
K, radiation as the exciting source. The UV/vis spectra were registered by a UV-365
spectrophotometer.

2.2. Preparation of Fe304/Ag nanoparticles

The Fe304 nanoparticles were prepared through the conventional chemical co-
precipitation of Fe(Il) and Fe(Ill) chlorides (Fe"/Fe!! ratio=0.5) with 1.5M NaOH
reported previously [21]. The black precipitate was magnetically separated and
washed several times with water and ethanol. Finally, Fe304 microspheres were
dispersed in ethanol to form 5 g/l solution.

For the modification of Fe304 nanoparticles with APTES, 25 ml of the above solu-
tion was diluted to 150 ml with absolute ethanol and 1 ml of H,O and sonicated
for 30 min. After that, 0.4 ml of APTES was added with rapid stirring, and then the
reaction solution was stirred at room temperature for 7 h. After being separated
by a magnet, the resulting composites were washed several times with water and
ethanol, and then dried under vacuum at 50 °C.

0.05 g of Fe304/APTES composite microspheres were dispersed in 100 ml of
2.9mM Ag(NH3),* solution and the solution was stirred for 30 min to ensure the
adsorption of Ag(NH3),* by the Fe304/APTES composite microspheres. Then, the
reaction mixture was irradiated with a high-intensity ultrasonic probe (from Xinzhi
Co., China, JY92-2D, with a 6 mm diameter titanium horn of 20 kHz working in a
pulsed mode with aduty cycle of 7 s) at room temperature in ambient air for 1 h. After
irradiation, the temperature of the reaction solution was about 60 °C. The resulting
dark materials were separated by a magnet. The precipitated products were washed
several times with water and ethanol and finally dried under vacuum at 50°C.

2.3. The catalytic properties of the obtained Fe304/Ag composites

A given amount of Fe304/Ag composite microspheres were well dispersed in
an aqueous solution containing RhB, and the volume of the mixture was adjusted
to 30 ml with distilled water. Then, 10 ml of NaBH,4 solution was rapidly injected
under stirring. The color of the reaction mixture gradually vanished, indicating the
degradation of the dye solution. Changes in the concentration of RhB were monitored
by measuring the variations in main absorbance peak (at 553 nm) in UV-vis spectra.

The recyclable efficiency of the catalysts was examined by repeating the
same experiment. 0.01g of Fe;04/Ag composites were used to catalyze RhB
([RhB]=2 x 107> mol/l, [NaBH4)=1 x 10-2 mol/l). After each cycle of degradation
experiment was completed, the catalysts were separated by an external magnetic
field, then followed by another “repeat”. The recyclable catalytic efficiency was
determined by measuring the absorption peak of RhB at the end of the catalytic
reaction.

3. Results and discussion
3.1. The characterization of Fe304/Ag composites
Fig. 1 shows the typical TEM images of the as-prepared Fe304

nanoparticles, which clearly indicates that most of the particles
are quasi-square and with an average diameter of 10 nm. After the

Fig. 1. TEM images of Fe;04 nanoparticles.

sonication-assistant process, Fe304/Ag composites were obtained.
Fig. 2 shows the TEM and HR-TEM images of Fe;04/Ag composites.
As observed from Fig. 2a, Fe304 nanocrystal and Ag nanocrystal in
the composites cannot be distinguished. HR-TEM was used to fur-
ther investigate the structure information of Fe304/Ag composites
(Fig. 2b), which revealed that this sample was highly crystallized,
as evidenced by the well-defined lattice fringes. The fringes of
d=0.23nm match the (111) plane of Ag nanocrytsal, while the
fringes of d=0.29 nm match the (220) plane of Fe304 nanocryt-
sal, respectively. The HR-TEM results confirmed that Fe304 and
Ag coexisted in the hybrid composite. Furthermore, an intercon-
nected nanoparticular morphology was observed in Fig. 2b, which
indicated a Fe304/Ag nanocrystal heterojunction was formed in the
composite.

To confirm the composition of the composites, EDS spectrum in
situ composition analysis were collected and the result is shown
in Fig. 3. EDS result indicated the presence of silver, iron, and sil-
icon in the composites. The peaks of silver, iron, and silicon come
from the Ag coating, Fe;04 magnetic core, and the Si-O group of the
APTES, which indicate that the iron oxide nanoparticles have been
coated by Ag nanoparticles. However, in comparison to the peaks
of Fe element, signal of Ag element was a little weaker. Accord-
ing to the above analysis, it could be concluded Ag/Fe304 hybrid
nanocomposites have been successfully synthesized using such a
sonochemistry method.

XPS analysis was conducted to further elucidate the surface
composition of these particles, and the representative results are
shown in Fig. 4. For Fe304, the main peaks are C1s, Fe2p, and
O1s centered at 285eV, 710.96eV, 530.16eV. In the spectrum
of Fe304/APTES, new peaks appear at 101.65eV and 399.71eV,
assigned to Si and N element on the surface of Fe304, which come
from the Si-O and -NH, groups in APTES. Fig. 4c shows the XPS
survey spectra of Fe304/Ag composites. The composites exhibit a
new Ag? 3d peak (379.2 eV) which is very distinct from that of the
Fe304 spheres and Fe304/APTES composites. This signal, which is
not observed in the other two spectra, is in response to the Ag con-
tent in the composites. After the deposition of silver, the signal of
Fe2p decreased from (18.24% atom) to (13.17% atom). However,
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Fig. 2. (a) TEM images of Fe;04/Ag composites. (b) HR-TEM images of Fe;04/Ag composites.

there is still considerable residual signal of Fe2p in the spectrum of
Fe304/Ag composites. These results suggested that Fe304 and Ag
were present mainly as separated phases in Fe304/Ag composites,
respectively.

In order to study the stability of the as-prepared composite cat-
alysts, the samples of Fe304/Ag before and after catalytic reaction
were subjected to XRD. As shown in Fig. 5, all of the diffraction
peaks match well with Ag (JCPDS No. 03-0921) crystal and Fe30,4
crystal (JCPDS No. 75-0033). It can be seen that peaks of both Ag and
Fe304 become alittle weaker in Fig. 5b compared with Fig. 5a, which
indicates that a small portion of crystal has been lost during the pro-
cess of catalytic reaction. That is why in the recyclable experiments,
the catalytic activity of composite catalysts decreased more or less
during the degradation reaction. Processed water was also con-
ducted ICP-AES analysis after catalysis reaction. As a result, it was
found that about 0.033 pg/ml Ag was in the processed water, which
meant Ag was stable enough to stay attached to the Fe304/APTES.
Therefore, it could be concluded that the catalyst is stable.
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Fig. 3. EDS spectrum of Fe;04/Ag composites.
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Fig. 4. XPS spectra of (a) Fe304 microspheres, (b) Fe304/APTES microspheres, and
(c) Fe304/Ag composites microspheres.

B(111)

B(200)

intensity (a.u.)

10 20 30 40 50 60 70
26

Fig. 5. X-ray diffraction patterns of Fe;04/Ag before (a) and after (b) catalytic reac-
tion.



X. Zhang et al. / Journal of Alloys and Compounds 508 (2010) 400-405 403

40

30 4
20

10 +

Ms(emu/g)
o

4104
220
2304
-40 . . r r T T T T
-20000  -10000 0 10000 20000
H{Oe)

Fig. 6. M-H curve of Fe304/Ag composites at room temperature.

The M-H curve of the samples is shown in Fig. 6, in which
the composites exhibit a superparamagnetic behavior without the
observation of coercivity and remanence. With superparamag-
netic property, the composite catalysts can be rapidly recovered by
imparting an external magnetic field. The inset of Fig. 6 illuminated
the effective model of catalysts separation and redispersion under
an external magnetic field. Thus, the Fe30,4 nanoparticles are very
appropriate as catalyst supports for separation and redispersion.

3.2. Proposed mechanism

For the synthesis of composite materials, Fe304 nanoparticles
were functionalized with APTES. The previous work has demon-
strated that the hydroxyl groups on the magnetite surface reacted
with the ethoxy groups of the APTES molecules leading to the
formation of Si-O bonds and leaving the terminal -NH;, groups
available for immobilization of silver [22]. The APTES-coated Fe30,
nanoparticles show strong combination ability for silver metal
(Ag* ions) by the long pair of terminal -NH, groups of organic
entities. Thus Ag will attach on the surface of APTES-modified
Fe304 nanoparticles by high-intensity ultrasound, which causing
the reduction of Ag* reaction to be effected fast, accelerating the
speed of silver depositing onto the APTES-coated Fe30,4 nanoparti-
cle surface.

The chemical reaction (Ag* to Ag®) can be driven by pow-
erful ultrasound, which is strong enough to generate oxidation,
reduction, dissolution, and decomposition [23-25]. Three different
regions are formed in the aqueous sonochemical process: (i) the gas
phase within the cavitation bubble, where elevated temperature
(several thousand degrees) and high pressure (hundreds of atmo-
sphere) are produced; (ii) the interfacial zone between the bubble
and the bulk solution where the temperature is lower than that
inside the bubble but still high enough for a sonochemical reaction;
and (iii) the bulk solution at ambient temperature where reaction
still takes place. In our case, of the aforementioned three regions,
the interfacial zone was the preferred region where the reduction
of Ag(NH3), * occurred mainly because of the low vapor pressure
of the reactants [26]. The likely reaction steps for the formation of
Ag nanoparticles are as follows:

H,022He 4+ oHe (1)

2Ag(NH3),™ + H* — 2Ag(s) + (NH4)" + NH3 (2)

As a result, Ag nanoparticles were immobilized on the sur-
face of APTES-coated Fe304. Ag nanoparticles were obtained
directly by sonication without any reductants, such as sodium
borohydride and hexamethyle tetramine. There are two main
advantages compared with the conventional methods to syn-
thesize the similar structure [27-29]. One is the elimination of
use of any reductant, and the other is the low temperature
and short reaction time required in the sonochemical prepa-
ration. Therefore, this method has been proven to be simple,
green, facile and inexpensive and can be used as an attractive
alternative to prepare nanocomposites with tailored and unique
properties.

3.3. The catalytic properties of as-prepared Fe304/Ag catalysts

Previous results demonstrated that Ag particles in nanoscale
exhibited catalytic activity on a number of organic dyes, such as
rhodamine B (RhB), methylene blue (MB) and eosin (EO) [30].
To evaluate the catalytic ability of Fe304/Ag composites, RhB dye
solution was selected as the model. The choice of RhB is based
on the following two factors. First, RhB, as a typical dye, repre-
sents a large class of environmental harmful compounds. Second,
the RhB dye has different colors during the process of reduc-
tion period, so that the concentration of RhB can be examined by
UV/vis absorption spectrum conveniently. Therefore, as a typical
example of organic pollutants, investigation on the degradation
of RhB has become very common with regard to the purification
of dye effluents. The temporal UV/vis spectral change of RhB dur-
ing catalytic reduction at the Fe304/Ag solution is shown in Fig. 7.
As observed from Fig. 7, with the increase of the reaction time,
the main absorbance of RhB gradually decreased, which indicated
the reduction of RhB. As expected, the catalytic reduction of RhB
proceeded successfully, and no deactivation or poisoning of the
catalysts was observed. The blank experiment without Fe;04/Ag
composites have been carried out for reduction of the organic
dye using the NaBH4 solution. Experiment result showed that the
degradation efficiency of RhB was just 7.6% after 60 min reduction
(Table 1), indicating that the reduction of RhB by NaHB,4 did not
occur to an appreciable extent in the absence of the Ag nanopar-
ticles. This demonstrates that Ag nanoparticles play a key role
in the catalytic reduction of RhB. According to earlier work [27],
the catalysis process is through an electrochemical mechanism,
where Fe304/Ag is intermediate between that of an oxidant and
a reductant, and electron transfer occurs via the supported Ag
nanoparticles. Dyes are electrophilic, while BH;~ ions are nucle-
ophilic in nature with respect to silver nanoparicles. The catalytic
reduction of RhB with various concentrations of catalysts is shown
in Fig. 7. Evidently, with the increase of concentration of Fe304/Ag
solution, the rate of the reduction of RhB increased, indicating
that the reduction rate of RhB was significantly concentration-
dependent. It is obviously observed that the degradation time of
RhB for three different volumes of Fe304/Ag solution 1 ml, 1.4 ml,
2ml are 25 min, 20 min and 12 min, respectively. Therefore, it is a
feasible way to increase the mass of catalyst to improve the catalytic
efficiency.

The magnetic properties of Fe304/Ag composite catalysts play
an important role in efficient recovery and recycling of the cat-
alysts. Due to the superparamagnetic property of the Fe304/Ag

Table 1
Degradation efficiency of RhB by NaHBy in the absence of Fe304/Ag.

Degradation efficiency (%)
0 10 20 30 40 50

60 (min)
0 1.2 2.3 3.0 4.1 7.0 7.6
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Fig. 7. UV-vis spectra of RhB during the degradation catalyzed by Fe304/Ag, [RhB] =4 x 10~ mol/l. The arrows mark the increase of the reaction time. (a) 1 ml Fe304/Ag, (b)
1.4 ml Fe504/Ag, (c) 2 ml Fe304/Ag, (d) Curves of abs—time at different concentrations of catalyst (a: 1 ml; b: 1.4 ml; c: 2 ml Fe304/Ag solution).

nanoparticles, upon an external magnetic field, the magnetic com-
posites were rapidly regathered and the rest of solution became
clean within 1 min. As a practical recyclable catalysts, highly cat-
alytic activity in each cycle of usage is necessary. The renewability
of the catalysts was investigated. As indicated in Fig. 8, the catalytic
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Fig. 8. Recycle experiments of the degradation reaction of RhB catalyzed by
Fe304/Ag.

activity of magnetic composites exhibited no significant decrease
after six cycles of catalytic experiments. However, 85% of RhB is
decomposed in the last cycle. In conclusion, the as-prepared com-
posites have good catalytic ability in the degradation of RhB and
this catalytic ability still maintain 87% even after being reused for
6 times. The decrease of catalytic activity after six cycles of usage
may partly result from the incomplete separation of catalyst pow-
ders or the loss of catalysts during the degradation reaction. Thus,
these magnetic catalysts can be used as ideal candidates in practical
application.

4. Conclusions

In summary, a simple sonochemical method for the synthesis
of Fe304/Ag composites was reported. Ag* was reduced directly
to Ag? by high-intensity ultrasound. This method is simple, facile,
inexpensive and efficient compared with other routes to fabri-
cate similar structure. The products display excellent magnetic
properties at room temperature, and have good catalytic activ-
ity in the degradation of RhB. The renewable catalytic activity
decreases slightly after each cycle of usage; however, 85% of RhB
is decomposed in the last cycle, which means that the as-prepared
composites can be used as convenient recyclable catalysts. Thus,
this effective approach is expected to be used as attractive alter-
native to prepare other composites with tailored and unique
properties.
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