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1. Introduction

In recent years, organic-inorganic hybrid materials that
combine the properties of inorganic and organic components
within a single material have attracted interest due to their
advantages that a polymer matrix has facile processing, flexibil-
ity, and various functional groups and the inorganic component
has mechanical and thermal stability as well as strength [1,2].
Organic-inorganic hybrid materials can have novel and excel-
lent properties by the varying of their composition, dimension,
and structure.

Magnetic nanoparticles (e.g. Fe304) have been investigated
as inorganic supports for the synthesis of organic-inorganic
hybrid materials because of their potential application in many
industrial and biological fields [3]. Their magnetic property
allows response to a magnet, making sampling and collection
easier. Fe304 nanoparticles are naturally hydrophilic because of
the existence of plentiful hydroxyl groups on the particle sur-

face. Because they are prone to aggregation, their dispersion in
an organic medium is difficult, and the surface coating or modi-
fication of iron oxide nanoparticles is very important in both
academic and industrial fields. The formation of magnet-
ite/polymer hybrid materials not only stabilizes the magnetic
nanoparticles but also endows the magnetic nanoparticles with
functionality, thus, magnetic polymer hybrid microspheres
have been widely used in biology, medicine, and catalysis [4-8].

The Knoevenagel condensation of aldehydes with com-
pounds containing activated methylene groups is one of the
most useful and widely employed methods for carbon-carbon
bond formation. It has numerous applications in the synthesis
of fine chemicals and biological compounds [9,10]. Convention-
ally, this reaction is catalyzed by weak bases like primary, sec-
ondary, and tertiary amines under homogeneous conditions,
which suffers from many drawbacks such as difficult catalyst
recovery and low yield [11]. Over the last decade, various sol-
id-supported catalysts and magnetite/polymer hybrid materi-
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als have been applied to it in order to solve the main difficulties
in this reaction [12-22].

In continuing our development of efficient and environ-
mentally benign organic-inorganic solid catalysts [23-25], here
we report the preparation of polyvinyl amine (PVAm)-coated
Fe304@Si02 composite microspheres as a magnetically recov-
erable basic catalyst. The catalytic activity of this new magnetic
basic catalyst was tested for Knoevenagel condensation under
mild conditions. The catalytic performance of the magnetic was
compared with that of polyvinyl amine-coated mesoporous
SBA-15 [26)].

2. Experimental
2.1. Catalyst preparation

The procedure for preparing PVAm-coated Fe304@SiO:
composite microspheres has four steps. The schematic proce-
dure is illustrated in Scheme 1. The detailed procedure is as
follows.

In the first step, Fe3s04 nanoparticles were synthesized by
chemical co-precipitation [27]. FeCl3-6H20 (12.0 g) and
FeCl2-4H20 (4.90 g) were dissolved in 50 mL deionized water
with mechanical stirring at 80 °C, followed by the addition of 80
mL ammonia (25 wt%, aqueous solution). The dispersion was
stirred for 30 min upon addition of trisodium citrate (1.40 g).
The resultant magnetite particles were separated with a mag-
net, washed several times with deionized water, and dried at
60 °C under vacuum for 24 h.

In the second step, Fe30:@SiO2 core-shell microspheres
were prepared according to the Stéber method [28]. Fe304 (1
g), 4 mL of ammonia (25 wt%), and 20 mL of deionized water
were mixed with 70 mL of ethanol. After ultrasonication for 10
min, 0.5 mL of tetraethyl orthosilicate (TEOS) was added to the
mixture with continuous stirring. After reaction for more than
8 h, the product was collected by a magnet, washed several
times with water and absolute ethanol. Finally, the product was
dried in a vacuum oven at 60 °C for 24 h to yield Fe304@SiO2.

In the third step, surface modification of the magnetic
Fe304@Si02 core-shell microspheres was carried out using the
method reported in the literature [26]. Fe304@SiO2 (0.1 g) and
acrylamide monomer (0.05 g) in THF (7 mL) were placed in a
round bottom flask and sonicated for 10 min. Benzoyl peroxide
(0.005 g) as initiator was then added, and the mixture was
heated to 75 °C for 5 h while stirring. Finally, the resulting solid
material was removed by a magnet and dried at 60 °C over-

night under vacuum to obtain Fe304@SiO2-PAM.

In the last step, in order to convert polyacryl amide to poly-
vinyl amine, Hofmann degradation was carried out with
Ca(0Cl)z2. Fe304@SiO2-PAM (0.1 g), deionized water (10 mL),
and Ca(OCI)2 (0.08 g) were placed into a round bottom flask
and sonicated for 10 min. The suspension was then refluxed for
6 h. Afterwards, it was separated using a magnet, washed with
deionized water, and finally dried at 60 °C overnight under
vacuum to yield polyvinyl amine-coated Fe304@SiO:
(Fe3s04@Si02-PVAm).

The basic site content of the Fe304@SiO2-PVAm composite
was measured by back titration using NaOH. HCI (0.2 mol/L, 3
mL) was added to 0.02 g of the composite and stirred for 30
min. The catalyst was removed and washed successively with
deionized water. The excess amount of HCl was titrated with
NaOH (0.1 mol/L) using phenolphthalein as indicator. The
amine content of catalyst was 9.24 mequiv/g.

2.2. Catalyst characterization

The crystalline structure of the samples was characterized
by X-ray diffraction (XRD) analysis on a Bruker D8 Advance
diffractometer with Cu K« radiation at 40 kV and 20 mA. Fouri-
er transform infrared (FT-IR) spectra were recorded with a
Perkin Elmer 65 spectrometer in the range of 400-4000 cm-1.
Transmission electron microscopy (TEM) analysis was per-
formed on a Phillips CM10 microscope at an accelerating volt-
age of 200 kV. Magnetization measurements were carried out
on a BHV-55 vibrating sample magnetometer (VSM).

2.3.  Knoevenagel condensation catalyzed by Fe304@SiO2-PVAm

In a typical reaction, a mixture of Fe304@SiO2-PVAm com-
posite (0.05 g), benzaldehyde (1 mmol), and ethanol (5 mL)
was placed in a round bottom flask. The reaction vessel was
sonicated for 5 min at room temperature to disperse the mag-
netic nanoparticles in the solution. Then, ethyl cyanoacetate (1
mmol) was added to the mixture and stirred at room tempera-
ture for 30 min. The progress of the reaction was monitored by
thin layer chromatography (TLC). After completion of the reac-
tion, the catalyst was separated with a magnet and was washed
with hot ethanol. Then, the solvent was evaporated. The prod-
ucts were identified using 1H NMR, 13C NMR, and FT-IR spec-
troscopy. Quantitative analyses were conducted with an Agilent
6820 gas chromatograph equipped with an FID detector.
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Scheme 1. Schematic of the procedure for the preparation of Fe;0.@SiOz2-PVAm composite microspheres with core-shell structure.
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3. Results and discussion
3.1. Catalyst characterization

The crystalline structure of the different synthesized mate-
rials was investigated by XRD. For the Fe3Os particles (Fig.
1(1)), the diffraction peaks at 26 = 30.1°, 35.4°, 43.1°, 53.4°,
56.9°, and 62.5° corresponded to the spinel structure of Fe304
[29], which can be assigned to the diffraction of the (220),
(311), (400), (422), (511), and (440) planes of the crystals,
respectively. For the Fes04@SiOz and Fe304@SiO2-PVAm sam-
ples (Fig. 1(2) and (3)), the XRD patterns indicated that the
crystalline structure of the FesOs particles was retained after
the deposition of the polymer layers. The broad peak at around
20 = 24° indicated the presence of amorphous silica in
Fe304@SiO2 (Fig. 1(2)). The intensity of this peak increased
with the introducing of polyvinyl amine on the silica-coated
magnetic nanoparticles (Fig. 1(3)), which can be attributed to
the amorphous polymer supported on the composite [30]. The
XRD results showed that the Fe304@SiO2 particles have been
successfully coated with polyvinyl amine.

Figure 2 depicts the FT-IR spectra of the Fe304@SiO2, PVAm,
and Fe304@Si02-PVAm composites. An absorption peak at 596
cm-! is the characteristic absorption of a Fe-0 bond, confirm-
ing the presence of Fe304 nanoparticles. This was present in the
spectra of Fe304@Si0z and Fe304@Si02-PVAm. The adsorption
peaks at 1090 and 803 cm-! corresponds to the asymmetric
and symmetric stretching vibration of Si-0-Si bond in oxy-
gen-silica tetrahedron, respectively, indicating that the Fe3O4
microspheres were successfully coated with a SiO2 layer (Fig.
2(1) and (3)). For Fe304@SiO2-PVAm, the new band located at
1439 cm-! can be attributed to the bending vibration absorp-
tion of the N-H bond [26]. In addition, the peak at 3425 cm-!
was stronger than in the FT-IR spectrum of Fe30:@Si0O2, show-
ing the presence of the stretching vibration of the N-H groups
in the structure of Fe304@SiO2-PVAm [26]. The bands in the
2800-3000 cm-1! region are attributed to the stretching of C-H
bonds of the saturated alkane (Fig. 2(3)) [31], which were in
agreement with the spectrum of PVAm. A closer examination of
the spectrum of Fe304@SiO2-PVAm showed that there was no
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Fig. 1. XRD patterns of Fe304 nanoparticles (1), Fe304@SiO2 (2), and
Fe304@Si02-PVAm composite microspheres (3).
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Fig. 2. FT-IR spectra of Fe;0.@SiOz (1), PVAm (2), and Fe304@SiO>-
PVAm composite microspheres (3).

characteristic absorption peak of the carbonyl group (C=0),
which is located at around 1625 cm-1. This indicated that the
amide groups in the composite have been converted to amine
groups by the Hofmann degradation used. Thus, it was con-
cluded that a Fe304@Si0O2-PVAm composite was obtained.

The morphology of the composite microspheres was ob-
served by TEM. Figure 3 displays the TEM micrographs of the
Fe304@Si0z core-shell and Fe30:@Si0z2-PVAm composite mi-
crospheres. In the case of Fe304@Si0: (Fig. 3(a)), a continuous
layer of SiO2 was clearly observed on the outer shell of the
Fe304 microsphere core, which had a diameter size of 40 nm.
After compositing with PVAm, a thin PVAm layer was deposited
on the surface of the Fe304@SiO2 microspheres, and the parti-
cles were fully encapsulated by the PVAm polymer layer (Fig.
2(b)) to form a core-shell structure (Fig. 3(b)), with the size of
250 to 300 nm. Furthermore, these composites still maintained
their spherical shape after the coating of SiO2 and PVAm.

In order to investigate the influence of the PVAm polymer
on the magnetic properties of Fe30:@SiO2 core-shell micro-
spheres, the magnetic properties of Fe304@SiO; and Fe304@
Si02-PVAm composites were measured by VSM. Typical mag-
netization curves of the samples with the applied magnetic field
at room temperature are shown in Fig. 4. The absence of hys-
teresis for both samples indicated that the products have par-
amagnetism at room temperature. The magnetic saturation
value reached 61.4 emu/g for the Fe304 nanoparticles coated
with SiOz2. The magnetic saturation value decreased to 45.2

(@ (b)

Fig. 3. TEM images of Fe3s0:@Si0O2 (a) and Fe30.@SiO2-PVAm composite
microspheres (b).
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Fig. 4. Room temperature magnetization curves of Fe304@SiO2 (1) and
Fe304@Si02-PVAm composite microspheres (2).

emu/g for the Fe30:@Si02-PVAm composite microspheres,
which was possibly due to the non-magnetic polyvinyl amine
coating. The magnetic properties and TEM analysis further
proved the presence of a PVAm shell around the Fe304@SiO2
particles.

3.2. Catalytic activity

Fe304@SiO2-PVAm as a solid basic catalyst for C-C bond
formation in Knoevenagel condensation was evaluated. A mod-
el reaction for benzaldehyde and ethyl cyanoacetate as the
substrates in Knoevenagel condensation was investigated over
the catalyst at room temperature to optimize the reaction con-
ditions and to obtain the best catalytic activity. Ethanol was
chosen as the best solvent for the Knoevenagel condensation
according to a previous work [26].

In order to find the maximum amount of PVAm functional-
ized on the surface of Fe304@Si0, catalysts with different rati-
os of Fe304@Si02 (0.1 g) to PVAm (0-0.5 g) were prepared, and
their catalytic activity was tested for Knoevenagel condensa-
tion (Table 1). It can be seen that as the ratio of
Fe304@Si02-PVAm increased, the reaction yield increased. The
probable reason is that when the amount of Fe304@SiO: in-
creased, the polymeric material gets more ordered on the sur-
face of the magnetic microspheres [26]. Therefore, the func-
tional groups of the polymer were more exposed and more
effective. From the results, the best mass ratio of Fe304@SiO2to

Table 1
Effect of the Fe30.@SiO: to PVAm ratio on catalytic activity of
Fe30:@Si02-PVAm.

FE3O4@S.IOZ/PVAm Isolated yield (%)
mass ratio

3.5 38

3.0 55

25 69

2.0 48
Without PVAm 4a

Reaction conditions: benzaldehyde 1 mmol, ethyl cyanoacetate 1 mmol,
catalyst 0.03 g, ethanol 5 mL, reaction time 30 min (2 4 h), room tem-
perature, selectivity 100%.

Table 2

Effect of catalyst amount on the Knoevenagel condensation.
Amount of catalyst (g) Isolated yield (%)
0.03 69

0.04 82

0.05 95

0.06 95

Reaction conditions: benzaldehyde 1 mmol, ethyl cyanoacetate 1 mmol,
reaction time 30 min, room temperature, selectivity 100%.

acryl amide was 2.5 for these components. It should be noted
that the non-functionalized magnetic nanoparticles
(Fe304@Si02) were not active in the Knoevenagel condensa-
tion, with less than 5% conversion observed after 4 h. This
indicated the need for the polymer coating on the surface of the
magnetic nanoparticles to create basic sites.

To study the effect of catalyst amount, the Knoevenagel
condensation was carried out with different amounts of cata-
lyst (Table 2). When the amount of catalyst increased from 0.03
to 0.05 g, the product yield increased significantly from 69% to
95%, which was due to the availability of more basic sites. After
that, the yield remained almost stable between 0.05 g and 0.06
g. Therefore, 0.05 g was chosen as the optimized amount of
catalyst for further experiments.

In addition, in order to investigate the importance of the
support (Fe304@Si02), the Knoevenagel condensation of ben-
zaldehyde and ethyl cyanoacetate over PVAm was examined
under optimum reaction conditions. A yield of 38% was ob-
served after 2 h. This showed that the existence of the support
(Fe304@Si032) in this magnetic composite played a critical role
in the efficiency of the catalyst.

The activity of Fe304@SiO2-PVAm for Knoevenagel conden-
sation reaction was determined using ethyl cyanoacetate, di-
ethyl malonate, and acetoacetic ester as active methylene rea-
gents (Table 3). It was observed that ethyl cyanoacetate (pKa=
9) and acetoacetic ester (pKa = 11) can be deprotonated by the
catalyst to generate the corresponding carbanion, followed by
attack on the electron acceptor center. Moreover, it was found
that the catalyst was not able to pull off protons from diethyl
malonate (pKa= 13) and the Knoevenagel adducts with this
substrate were not obtained. This observation showed that the
catalyst has surface basic sites with pKa lower than 13. The
highest benzaldehyde yield (95%) was obtained using ethyl
cyanoacetate.

In general, when using a supported catalyst, a crucial issue
is the possibility that some active sites are lost from the solid
support to the liquid phase, and these leached species are re-
sponsible for a significant loss of the catalytic activity. There-

Table 3
Effect of active methylene reagents on the Knoevenagel condensation
over Fe30.@Si02-PVAm.

Active methylene reagent Time (min) Isolated yield (%)
Ethyl cyanoacetate 30 95
Diethyl malonate 360 —
Acetoacetic ester 30 42

Reaction conditions: benzaldehyde 1 mmol, catalyst 0.05 g, active
methylene reagent 1 mmol, reaction time 30 min, room temperature,
100% selectivity.



Farzad Zamani et al. / Chinese Journal of Catalysis 35 (2014) 21-27 25

60

50 +

40 |-

30

20

Conversion (%)

10

Time (min)

Fig. 5. Heterogeneity test for Knoevenagel condensation of benzalde-
hyde with ethyl cyanoacetate.

fore, in order to prove the heterogeneous nature of the catalyst,
a heterogeneity test was performed, in which the catalyst was
separated from the reaction mixture at approximately 50%
conversion of the starting material by a magnet. The reaction
progress in the filtrate was monitored (Fig. 5). No further reac-
tion conversion was observed even at extended time, indicating
that the nature of reaction process was heterogeneous and
there was no reaction in the homogeneous phase.

For use for industrial purposes, reusability of the catalyst
was tested by carrying out repeated runs of the reaction with
the same batch of the catalyst with the model reaction (Fig. 6).
In order to regenerate the catalyst after each cycle, it was sep-
arated by a permanent magnet and washed several times with
deionized water and ethanol. Then, it was dried in an oven at
60 °C and used in the Knoevenagel condensation. The results
showed that this catalyst can be reused ten times without sig-
nificant loss of activity or selectivity in the Knoevenagel con-
densation.

The Fe304@Si02-PVAm catalyst also gave good activity and
selectivity in the Knoevenagel condensation of different kinds
of aromatic and aliphatic aldehydes and ethyl cyanoacetate
(Table 4). All the investigated reactions were almost completed
in 10-45 min and produced the corresponding alkenes in high
yield without the formation of any side product.

98
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84 71 1 1 1 1 1 1 1 1 1

Reuse time

Fig. 6. Recyclability of the catalyst. Reaction conditions: benzaldehyde 1
mmol, ethyl cyanoacetate 1 mmol, catalyst 0.05 g, reaction time 30 min,
room temperature, 100% selectivity.

Table 4
Knoevenagel condensation of various aromatic and aliphatic aldehydes
and ethyl cyanoacetate catalyzed by Fe304@SiO2-PVAm.

En- Substrate Product Time Isolated
oy (min) yield (%)
1 30 95
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Reaction conditions: substrate 1 mmol, ethyl cyanoacetate 1 mmol,

catalyst 0.05 g, ethanol 5 mL, room temperature, 100% selectivity.
aGCyield.

The catalytic activity of Fe304@SiO2-PVAm in Knoevenagel
condensation was compared with that of the SBA-15/PVAm
composite reported in the literature [26]. The results are sum-
marized in Table 5. As can be seen, Fe304@SiO2-PVAm gave a
higher activity in Knoevenagel condensation at a shorter time
and under a milder condition (room temperature) compared to
SBA-15/PVAm.

In general, when porous inorganic materials are used as
support, a substantial decrease in activity of the immobilized
catalyst is commonly observed, especially in a liquid phase
reaction, due to the problem of slow reactant diffusion to the
catalyst anchored on the interior surface [32]. In contrast, na-
noparticles, especially magnetic nanoparticles, are more effi-
cient support materials for homogeneous catalyst immobiliza-
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Table 5

Comparison of the catalytic activity of Fe304@Si02-PVAm and SBA-15/PVAm in Knoevenagel condensation.

Catalyst Time (min) Temperature Yield (%) Ref.
Fe304@Si02-PVAm magnetic microspheres 2 30 room temperature 95¢ this work
SBA-15/PVAm mesoporous composite b 120 78 °C (reflux) 904 [26]

aReaction conditions: benzaldehyde 1 mmo], ethyl cyanoacetate 1 mmo], catalyst 0.05 g, ethanol 5 mL.
bReaction conditions: benzaldehyde 2 mmol, ethyl cyanoacetate 2 mmol, catalyst 0.12 g, ethanol 10 mL.

¢[solated yield.
4 GCyield.

tion [33]. When nonporous nanoparticles are used as the sup-
port, the size of the support materials is decreased to the na-
nometer scale, and all the catalytic sites are on the external
surface of the particles and are accessible to the substrates. As a
consequence, the activity of nanoparticle-supported catalysts is
improved compared to homogeneous catalysts immobilized on
conventional porous supports, where internal pore diffusion in
the porous catalysts can be rate limiting. This would explain the
higher activity at a shorter time and milder condition for the
catalyst here (Fe304@SiO2-PVAm) compared to SBA-15/PVAm.

4. Conclusions

A facile route for the synthesis of polyvinyl amine coated
Fe304@Si02 composite microspheres was demonstrated. This
new basic magnetic catalyst is better than soluble bases be-
cause it has the following advantages: (a) high catalytic activity
in Knoevenagel condensation under mild reaction conditions;
(b) easy separation after the reaction by a magnet; (c) simple
catalyst preparation; and (d) reusable several times without
loss of activity or selectivity. In addition, the basic magnetic
catalyst is a better alternative to amino-functionalized porous
silica catalysts for Knoevenagel condensation because its cata-
lytic sites are more accessible than those in the porous silica
materials.
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