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Abstract

In this study, catalyst Pd/Fe3O4 based on magnetic body with the size of 8 nm was prepared and characterized by TEM, HRTEM, XPS
and VSM methods. The results show that Pd0 atom produced after the first reduction is bound to APTS-coated Fe3O4 nanoparticles by the
coordination of –NH2 ligand with Pd0 and then grows into bigger clusters with the increase in the reduction times. However, when the reduction
is performed for more than three times, Pd0 atom produced in subsequent reduction is dispersed in aqueous solution instead of depositing
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round preexisting Pdatom or clusters. In order to further investigate its catalytic behavior, Heck reaction of the cross-coupling o
cid with iodobenzene was employed. The activity measurements show that the product yield decreased greatly from 81% for th

o 53% for the fifth times and then kept constant in the subsequent re-use. One of the important reasons for this is that the catalys
nto big particle and becomes more difficult to be dispersed with the increase in reaction times. In a word, this preliminary work pro
rimary understanding of the catalyst based on Fe3O4 nanoparticles and its application in Heck reaction.
2005 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, there are growing interests on the cat-
lytic properties of transition metal nanoparticles because of

heir large surface area and a great ratio of atoms remaining
t the surface[1,2,10]. Although much work has been done

3–8], there is still the paramount challenge for the wide appli-
ation of transition metal nanoparticles as catalysts in the
ndustry, i.e., how to separate them completely from prod-
cts. For example, due to the industrial importance of the
eck chemistry, which is traditionally associated with the
alladium–phosphine-catalysed reaction of aryl bromides or

odides with olefins and presents one of the simplest ways to
btain various substituted olefins[5], many researches have
een focused on designing recyclable catalyst based on Pd
anoparticles[9]. And an advance among those researches

s the successful synthesis of dendritic catalyst that can be
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separated from the reaction medium by the nanofiltra
membrane[2–4]. However, such separation does not m
the large-scale application in industry and another prob
related to this approach is the leaching of heterogeneous
dritic catalyst[2].

At present, the main idea presented for recyclable
tems may be built in liquid–liquid and solid–liquid mod
[1]. For a liquid–liquid system, due to the high interfac
tension between water and low-polar organic liquids,
area of the interface is small even with vigorous stirr
Therefore, separation and catalytic efficiency come to a
tradiction. Another approach to separate and recycle m
nanoparticles is to immobilize them on solid supports, s
as organic polymeric (resin)[10] and inorganic microsphe
(Pd/C, Pd/SiO2, Pd/Al2O3, etc.)[1,11], making it really eas
and simple to separate the catalyst from the mixtures o
products. However, with solid catalysts suspended within
uids, the transport of reactants within the liquid to the cata
bodies as well as the transport of them within porous cat
bodies would be rate limiting, because the transport ra
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Scheme 1. Heck reaction of the cross-coupling of acrylic acid with
iodobenzene.

the surface of the catalyst bodies is proportional to 1/D (D
is the diameter of catalyst body)[12]. To raise the rate of
the reaction, it is therefore attractive to utilize small catalyst
bodies.

Because the conventional centrifugation or filtration,
which calls for the particle with the size of at least about
3�m, cannot be applied to separate the catalyst bodies of the
nanometer size[12], it is necessary to develop new procedure,
such as magnetic separation. However, there are two difficul-
ties with the utilization of magnetic bodies as the catalyst
supports, viz., the magnetostatic attraction between ferro-
magnetic particles and the effect of their surface properties
on the catalyst.

To overcome the above deficiencies, we chose Fe3O4
nanoparticles with the size of 8 nm as the catalyst body.
Before the preparation of the catalyst Pd/Fe3O4, its surface
was firstly modified with the 3-aminopropyl triethoxysilane
(APTS). And then the catalytic site Pd0 was bound to the
surface of Fe3O4 nanoparticles by means of the coordina-
tion of –NH2 ligand with Pd0. Finally, the catalytic behavior
of Pd/Fe3O4 nanoparticles was measured by the Heck reac-
tion of the cross-coupling of acrylic acid with iodobenzene
(please seeScheme 1).

2. Experimental
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2.3. APTS-coated Fe3O4 nanoparticle

The modification of Fe3O4 nanoparticles with 3-
aminopropyl triethoxysilane was performed in ethanol solu-
tion at room temperature and a small amount of water was
added to accelerate to its hydrolysis. Typically, 25 mL of the
above ethanol solution with 5 g/L of Fe3O4 nanoparticles was
diluted to 150 mL with ethanol and 1 mL of H2O. In order
to disperse Fe3O4 nanoparticle well, the solution was further
treated by ultrasonic wave for 30 min. After that, 0.4 mL of
APTS was added with rapid stirring, and then the reactant
mixture was stirred for another 7 h. Finally, the APTS-coated
Fe3O4 nanoparticles were separated from the mixture by the
ultracentrifugation and washed with ethanol for five times.
Before the next step, the APTS-coated Fe3O4 nanoparticles
were dispersed in ethanol with the concentration of 1 g/L.

2.4. Preparation of catalyst Pd/Fe3O4

Catalyst Pd/Fe3O4 was prepared by refluxing the reactant
mixture of H2PdCl4 solution, APTS-coated Fe3O4 nanopar-
ticles and ethanol, and Pd2+ ion was reduced by the ethanol.
In the first reduction, a mixture of 15 mL of ethanol contain-
ing APTS-coated Fe3O4 nanoparticles (1 g/L) as prepared
above, 14 mL of 0.6 mmol/L H2PdCl4 solution and 21 mL of
H O was refluxed for 3 h in air. With the progress of the reac-
t ck.
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.1. Material

All chemicals used are of analytical grade from Sha
ai Chemical Reagent Corporation, except for iodobenz
hich is chemical grade. Water used in the experiments
eionized (DI), doubly distilled and deoxygenated prio
se.

.2. Preparation of Fe3O4 nanoparticle

Fe3O4 nanoparticle was prepared by the conventi
oprecipitation method. Firstly, 5.2 g of FeCl3, 2.0 g of FeCl2
nd 0.85 mL of 12 mol/L HCl were dissolved in 25 mL of
ater under N2 protection. And then the resulting soluti
as added drop-wise into 250 mL of 1.5 mol/L NaOH so

ion under vigorous stirring. After the reaction, the obtai
recipitate was separated from the reaction medium und
agnetic field and washed with DI water for three times
thanol for two times. Finally, a portion of Fe3O4 nanopar

icles was dispersed in ethanol with the concentratio
g/L.
2
ion, the color of the solution turned from yellow to bla
fter the reaction, catalyst Pd/Fe3O4 was separated from th

eaction medium under the magnetic field and the res
olution looked colorless. For the convenience of the dis
ion, the obtained catalyst was tagged as Pd/Fe3O4 after the
rst reduction.

In order to deposit more Pd0 on the surface of Fe3O4
anoparticles, the mixture of Pd/Fe3O4 particle obtained i

he first reduction, 14 mL of 0.6 mmol/L H2PdCl4 solution,
5 mL of ethanol and 21 mL of H2O was refluxed again. An

he obtained product was tagged as Pd/Fe3O4 after the secon
eduction. The above process was repeated until the re
olution after the removal of Pd/Fe3O4 appeared brown an
he product was tagged according to the corresponding
f the reduction. We found when the times of reduction
ore than three, the residual solution started to look br
hich indicates that after the reaction, Pd0 was dispersed i

he solution instead of depositing on the surface of Fe3O4
anoparticles.

.5. General procedure for the catalytic tests

The catalytic behavior of Pd/Fe3O4 nanoparticles wa
easured by employing the cross-coupling of acrylic
ith iodobenzene. In the typical reaction, 1 eq. (4 mmo

odobenzene, 2 eq. (8 mmol) of acrylic acid, 15 mg of cata
d/Fe3O4, 20 mL of a CH3CN solution and 2.5 eq. (10 mmo
f anhydrous Na2CO3 were added to 60 mL of water. An

he mixture was refluxed for 12 h. After the reaction, c
yst Pd/Fe3O4 was separated from the reaction medium
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Scheme 2. Procedure of the preparation of catalyst Pd/Fe3O4.

the magnetic field and left for the next reaction. Five millil-
itres of 5% HCl was then added to the residual solution, from
which white solid was formed. Finally, the solid was filtered,
washed several times with fresh water and then recrystallized
by water–ethanol (3:1) solution.

Before the re-use in the next reaction, Pd/Fe3O4 was thor-
oughly washed under the ultrasonic wave. With the increase
in times of the reaction, we found that the catalyst Pd/Fe3O4
had aggregated into bigger particles and became more diffi-
cult to be dispersed in the reaction medium.

2.6. Characterization

The particle size and morphology of the samples were
determined by transmission electronic microscopy (TEM)
with JEM-200CX operating at 200 kV. HRTEM images were
obtained by employing a JEOL-4000EX high-resolution
transmission electron microscope with a 400 kV accelerating
voltage. The surface composition of catalyst Pd/Fe3O4 was
detected by the X-ray photoelectron spectra (XPS) recorded
on an ESCALAB MKII, using a non-monochromatized Mg
K� X-ray as the excitation source and choosing C (1s)
(284.6 eV) as the reference line. The infrared spectra of
APTS-coated Fe3O4 nanoparticles were recorded on a Nico-
let 170 SX Fourier transform infrared spectrometer (FT-
I both
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time, the deposition of Pd0 on the surface reaches the satura-
tion and the redundant Pd0 stays in the solution. In the typical
experiment, the mass concentration of Fe3O4 nanoparticle is
1 g/L and its mole concentration can be calculated by the fol-
lowing formula(1). The number of Fe atom in every Fe3O4
nanoparticle can be calculated by means of the formula(2),
whereVFe3O4 refers to the:

mole concentrationFe3O4 = mass concentrationFe3O4

NFe × 77.3
(1)

NFe = 4/3πR3Na

V̄Fe3O4

× 3 = 10855 (2)

molar volume of bulk Fe3O4, R the mean radius of Fe3O4
nanoparticles and Na is Avogadro’s number. So, its mole
concentration is about 1.2× 10−6 mol/L [13]. During the
preparation of catalyst, Pd/Fe3O4 nanoparticles can be sta-
bly dispersed in the aqueous solution due to the remainder
electrostatic repulsion on the surface of Fe3O4.

For Fe3O4 nanoparticles dispersed in a neutral aqueous
solution, the bare atoms of Fe and O on the particle surface
would adsorb OH− and H+, respectively. As a result, there are
many OH groups around the surface of Fe3O4 nanoparticles.
In addition, because the reaction betweenOH on the surface
and APTS can easily take place, APTS is usually employed
t
s r-
i nds
c

R) using KBr pellets. Magnetization measurements of
PTS-coated Fe3O4 nanoparticles and catalyst Pd/Fe3O4
ere performed at room temperature using vibration s
le magnetometer (VSM).

. Results and discussion

.1. Study of the preparation of catalyst Pd/Fe3O4

Catalyst Pd/Fe3O4 is prepared by ligand-mediated imm
ilization of metal atom on functionalized oxide surface
hown inScheme 2. It can be found that the surfaces of Fe3O4
anoparticles are firstly modified with APTS, and then0

tom from the reduction of Pd2+ by the ethanol was boun
o the surface through the pendent amine group. In com
on with other reductants, such as N2H4·H2O, NaBH4, etc.,
thanol is the weak reducing agent. So, the formation o
toms is gentle and the atoms have enough time to de
n the surface of Fe3O4 nanoparticles. The amount of P0

eposited on the surface is controlled by the times o
eduction. In the experiment, we found that when the ti
f the reduction is more than three, the residue solution lo
rown after the removal of Pd/Fe3O4, indicating that at thi
o modify the surface of metal oxide.Fig. 1 shows FT-IR
pectrum of APTS-coated Fe3O4 nanoparticles. In compa

son with the standard spectra, following absorption ba
an be observed: bands at 2926.8 and 2853.8 cm−1 due to the

Fig. 1. FT-IR spectrum of APTS-coated Fe3O4 nanoparticles.
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stretching vibration of CH bond, band at 1014.7 cm−1 due to
the stretching vibration of SiO bond, band at 1091.1 cm−1

due to the stretching vibration of CN bond and band at
885.2 cm−1 due to the bending vibration ofNH2 bond.
Moreover, the absorption bands at 3416.5 and 1629.5 cm−1

could be attributed to the co-contribution ofNH2 bond and
remainder water in the sample[13]. All of those bands reveal
that the surface of Fe3O4 nanoparticles is successfully modi-
fied with APTS. Representative TEM image of APTS-coated
Fe3O4 nanoparticles is shown inFig. 2, from which it can be
seen that most of the particles are quasi-spherical with an
average diameter of 8 nm.

Fig. 3 shows TEM results of catalyst Pd/Fe3O4 after the
third reduction, and A, B and C represent images of TEM,
HRTEM and its corresponding diffraction pattern, respec-
tively. In comparison with APTS-coated Fe3O4 nanoparti-
cles, the average size of catalyst Pd/Fe3O4 is about 8 nm and
no obvious morphological change is observed after the depo-
sition of Pd0, indicating that the deposition of Pd0 atom is not
enough to increase the size of the particle. In addition, we did
not find the free Pd0 nanoparticle around Fe3O4 nanoparticles
by TEM. The above results can be further confirmed by the
lattice-resolving image (Fig. 3B), which shows that catalyst
Pd/Fe3O4 is nanocrystalline and there is no obvious deposi-
tion of Pd0 around the surface. The selected area diffraction
p tic
o ic
v -
f
n

lyst
P PS

Fig. 2. A TEM image of APTS-coated Fe3O4 nanoparticles.

characterization was employed.Fig. 4shows the full XPS pat-
terns, and a, b and c represent catalyst Pd/Fe3O4 after the first,
the second and the third reduction, respectively. The band at
about 340 eV can be attributed to the binding energy of Pd
3d. It can be seen that the spectrum area of Pd 3d increases
with the increase in times of reduction.Fig. 5A–C further
shows XPS patterns of Pd 3d of catalyst Pd/Fe3O4 after the
first, the second and the third reduction, respectively, and the
corresponding spectrum data are listed inTable 1. For cata-

F . (B) A .24 nm.
(

attern (C) ofFig. 3is the ring pattern, which is characteris
f the cubic structure of Fe3O4 compared with the theoret
alues. So, we presume that the amount of Pd0 on the sur
ace is not enough to form the obvious shell around Fe3O4
anoparticle.

In order to understand the surface variation of cata
d/Fe3O4 with the increase in the times of reduction, X

ig. 3. (A) A TEM image of catalyst Pd/Fe3O4 after three times reduction
C) Its corresponding diffraction pattern.
HRTEM image of the nanoparticles. The lattice spacing for (3 1 1) is 0
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Fig. 4. Full XPS spectra of catalysts Pd/Fe3O4 with the different times of
reduction; a, b and c represent the catalyst after the first, the second and the
third reduction, respectively.

lyst Pd/Fe3O4 after the first reduction, we find that it consists
of the peaks at 339.1 and 339.9 eV due to Pd 3d3/2 and the
band at about 334 eV that can be further resolved into two
peaks at 334.3 and 335.0 eV due to Pd 3d5/2. In comparison
with the standard binding energy (Pd0 with Pd 3d5/2 of about
335 eV) [14], it can be concluded that these peaks should
be assigned into two Pd0 species: (334.3, 339.1 eV) and
(335.0, 339.9 eV). As we known, the position of Pd 3d peak
is usually influenced by the local chemical/physical environ-
ment around Pd species besides the formal oxidation state
and shifts to lower binding energy when the charge density
around it increases[14]. So, the peaks at (334.3, 339.1 eV)
should be due to Pd0 species bound directly toNH2 lig-
and, and the peaks at (335.0, 339.9 eV) should be due to
another Pd0 species in the body of Pd0 cluster. The contribu-
tion of the charge transfer ofNH2 ligand to Pd0 results in the
increase in the charge density around Pd0 and the decrease
in binding energy. For catalysts Pd/Fe3O4 after the second
or third reduction, only two main peaks are observed and Pd
3d5/2 positions are at 334.8 and 334.9 eV, respectively, which
can be assigned to Pd0 species in the body of Pd0 cluster.
When comparing the above value with those of Pd/Fe3O4
after the first reduction, it can be found that with the increase

Table 1
Pd 3d and Pd 3d position of catalyst Pd/FeO with the different times
o

C

A

A
A

Fig. 5. XPS spectra of Pd 3d of catalysts Pd/Fe3O4 with the different times
of reduction. A, B and C represent the catalyst after the first, the second and
the third reduction, respectively.

in times of reduction, the content of Pd0 species that coordi-
nates with NH2 ligand on the surface decreases and most of
Pd0 species is in the body of Pd0 cluster. The above results
indicate that after the first reduction, Pd0 atoms is bound to
APTS-coated Fe3O4 nanoparticles through the coordination
5/2 3/2 3 4

f reduction

atalysts Pd 3d5/2 position
(eV)

Pd 3d3/2 position
(eV)

fter the first reduction (a) 335.0 339.9
(b) 334.3 339.1

fter the second reduction 334.8 340.3
fter the third reduction 334.9 340.2



32 Z. Wang et al. / Chemical Engineering Journal 113 (2005) 27–34

Fig. 6. Magnetization curves obtained by VSM at room temperature: (a)
APTS-Fe3O4 and (b) Pd/Fe3O4.

of NH2 ligand with Pd0 and then grows into bigger clusters
when the reduction is performed more, which can be proved
by the peak area and the position of Pd 3d5/2. Combining
the above results with the one from TEM characteristic (see
Fig. 3), it can be concluded that after the reduction, Pd0 on
the surface of catalyst Pd/Fe3O4 mainly exists as monatomic
or clusters and grows into very small amorphous particles
formed by several atoms with the increase in times of reduc-
tion. The element analysis of catalyst Pd/Fe3O4 after the
third reduction by the flame atomic absorption spectroscopy
(AAS) indicated that the content of palladium is about
0.6%.

Fig. 6shows the magnetization curves of the APTS-coated
Fe3O4 (a) and catalyst Pd/Fe3O4 after the third reduction
(b). It can be seen that in comparison with 31.4 emu/g of
APTS-coated Fe3O4, the saturation of catalyst Pd/Fe3O4 is
29.6 emu/g after coated by Pd. The difference between them
indicates that a small amount of Pd0 was bound to the surface
of APTS-coated Fe3O4 nanoparticles. There is no hysteresis,
and both remanence and coercivity are zero, suggesting that
such nanospheres are superparamagnetic.

3.2. Catalytic activity of Pd/Fe3O4

Herein, the catalytic activity of Pd/Fe3O4 was investi-
g ene
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3.2.1. Effect of the times of reduction on the catalytic
activity of Pd/Fe3O4

Table 2 shows the effect of the times of reduction on
the catalytic activity of Pd/Fe3O4, and TON can be esti-
mated as (moles of coupling products)× (moles of cata-
lyst Pd/Fe3O4)−1. Those data clearly demonstrate that pure
APTS-coated Fe3O4 without the deposition of Pd0 has no
activity. Also, it can be seen that TON firstly increases with
the increase in times of reduction, reaches the maximum
180,000 when the times of reduction is three and then keeps
constant after the third reduction, which can be explained by
the variation of Pd0 content or its peak position got from XPS
results. From them, it can be found that after the first reduc-
tion, the content of Pd0 is small and most of Pd0 is bound
to –NH2 ligand. When the times of reduction increases, Pd0

produced in subsequent reduction deposits around preexist-
ing Pd0 atom and clusters into very small amorphous particles
formed by several atoms. In this process, it can be envisioned
that the active sites for catalyst increase with the increase in
times of reduction, leading to the increase of TON. The fail-
ure to increase the yield with reduction times more than three
can be attributed to the failure of deposition of more Pd0

atom produced in subsequent reduction around preexisting
Pd0 atom. As mentioned in Section2, the residual solution
after the removal of Pd/Fe3O4 nanoparticles from reaction
medium appeared brown when the reduction was performed
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ated by the cross-coupling of acrylic acid with iodobenz
one of the Heck reactions). H2O/CH3CN (3:1) was used a
he reaction medium due to environmental, economica
afety reasons. Na2CO3 was used to neutralize the acid (H
nsuing from the formal exchange of a hydrogen atom
n aryl group. The experiment process has been descri
ection2, and besides cinnamic acid, no other byprod
ere detected. All of the products were further confirm
y the determination of the melting point (133◦C) and1H
MR.
ore than three times, which indicates that the formed0

s dispersed in aqueous solvent instead of depositing o
urface of Fe3O4 nanoparticles. From the above results, it
e concluded that palladium catalyst based on the mag
ody with the size of 8 nm has good performance and F3O4
s the support has no obvious inhibitory action on the a

ty of Pd0, which builds up the good ground for the futu
esearch. In addition, it can be found that Pd0 species, whic
re either monatomic or clustered into very small amorp
articles formed by several atoms, must be and really are
ctive.

.2.2. Product yield as a function of cycle
Fig. 7shows the variation of product yield with the tim

f cycle, and it can be seen that the activity decreased g
rom 81% for the first times to 53% for the fifth times a

able 2
roduct yield of catalyst Pd/Fe3O4 with the different times of reduction

ntry Catalyst Yield (%) TON TOF (h−1)

Without the reduction 0 0 0
After the first reduction 42 93333 7777
After the second reduction 74 164444 13703
After the third reduction 81 180000 15000
After the fourth reduction 80 177777 14814
After the fifth reduction 80 177777 14814

eaction conditions: 4 mmol of iodobenzene, 8 mmol of acrylic acid, 15
f catalyst Pd/Fe3O4, 20 mL of a CH3CN solution and 10 mmol of anh
rous Na2CO3 were added to 60 mL of water, reflux for 12 h. TON: mo
f coupling products/moles of catalyst Pd/Fe3O4; TOF: moles of couplin
roducts/moles of catalyst Pd/Fe3O4 per hour.
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Fig. 7. Product yield as a function of the times of cycle.

then kept constant in the subsequent re-use. According to the
possible mechanism involved in the reaction[8], Pd0 atom
is firstly released as the consequence of the oxidative addi-
tion of halide to the surface Pd0 atoms and then redeposited
on the surface. So, the leaching of Pd0 usually is one of the
critical factors that result in the loss of the activity during
the re-use. However, the results from flame atomic absorp-
tion spectroscopy show that the amount of palladium in the
residual solution after each reaction is too low to be detected,
suggesting that the loss of activity cannot be contributed to
the leaching of Pd0. Since the Pd leaching and redeposition
may depend on the state of Pd dispersion (particle size and
metal–support interactions) and/or the surface properties of
support, the preparation of catalyst is crucial to prevent the
Pd leaching. As described above, Pd/Fe3O4 used here is pre-
pared by the coordination link of Pd0 with –NH2 ligand and
the amount of Pd0 in the catalyst is small, resulting in that
Pd0 is strong bound to the surface of Fe3O4 nanoparticle.
So, that is why no obvious leaching of Pd was observed
in re-use.

In order to understand the cause resulting in the loss of
activity in re-use,Fig. 8 further shows TEM images of cata-
lyst Pd/Fe3O4 after the reaction for five times cycle (A) and
before the reaction (B). It can be seen that after the reac-
tion for five times cycle, Pd/Fe3O4 nanoparticles aggregate
into the big particle in contrast with the clear dispersion of
t d by
t talyst
P ven
u s of
r ease
i
b hing,
w cat-
a ally
p face
b con-

Fig. 8. TEM images of catalyst Pd/Fe3O4 after the reaction for five times
cycle (A) and before the reaction (B).

glomeration of particles, the corresponding catalytic activity
will decrease. So, the aggregation of catalyst Pd/Fe3O4 will
be responsible for the loss of the activity of Pd/Fe3O4 in
re-use.

4. Conclusion

As mentioned above, recovery and recycling of expensive
metal nanoparticle catalyst, such as palladium, is a major
development issue besides its activity. In this work, we syn-
thesized the new catalyst based on the superparamagnetic
body with the size of 8 nm, with the attempts to understand
the catalysis behavior in the re-use by the cross-coupling of
acrylic acid with iodobenzene. The results of TEM, HRTEM,
IR, XPS and VSM characteristic show that Pd0 atom pro-
duced after the first reduction is bound to APTS-coated Fe3O4
nanoparticles by the coordination of –NH2 ligand with Pd0

and then grows into bigger clusters with the increase in times
of the reduction. However, when the times of reduction is
more than three, Pd0 atom produced in subsequent reduction
is dispersed in aqueous solution instead of depositing around
preexisting Pd0 atom or clusters. So, it is difficult to find the
obvious core shell structure during the preparation of catalyst
Pd/Fe3O4.

The activity measurement of catalyst Pd/Fe3O4 shows that
p or
t ctive
s ur-
f the
g n as
c mina
a or,
c ac-
t that
t more
d ac-
hem before the reaction. In addition, this can be prove
he experiment phenomenon that the dispersion of ca
d/Fe3O4 became more difficult in the reactant mixture e
nder the ultrasonic wave with the increase in the time
eaction. The above results indicate that with the incr
n times of reaction, the aggregation of catalyst Pd/Fe3O4
ecomes more seriously even after the thorough was
hich results in the decrease in the surface area of the
lyst. As we known, the activity of the catalyst is usu
roportional to its surface area. If the area of the inter
etween Pd/Fe3O4 and the reactant decreases due to the
ure APTS-coated Fe3O4 nanoparticles have no activity f
he reaction of acrylic acid with iodobenzene and the a
ite is related to Pd0 atoms or cluster deposited at the s
ace of Fe3O4. Also, it can be seen that the catalyst has
ood performance with TOF of 15,000 in the first reactio
ompared with other catalysts supported on silica, alu
nd carbon[15]. Whereas the activity in re-use was po
onsidering the reduction in activity with the times of re
ion increasing. One of the important reasons for this is
he catalyst aggregates into big particle and become
ifficult to be dispersed with the increase in times of re
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tion, which results in the reduced surface area of the catalyst.
Moreover, no leaching of Pd0 was detected in the residual
solution.

So, it is necessary to pay more attention to the improve-
ment of the stability or the preparation method of cata-
lyst Pd/Fe3O4 considering its good performance in the first
reaction and easy separation from the reaction medium. At
present, we are performing more investigation to optimize the
experimental conditions and develop some stabilizer to pre-
vent the Pd/Fe3O4 particles from aggregating during reaction
and washing.
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