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In this study, Ni nanoparticles incorporated 3-alanine-acrylamide (Ala-AA) was successfully prepared by a
simple method. The obtained magnetic nanocomposite exhibited excellent activity as a new heterogeneous
magnetic catalyst for the reduction of a number of nitro aromatic compounds under mild conditions along
with high level of reusability.
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1. Introduction

Over the last few years, magnetic nanoparticles (e.g. Fes04) have
been extensively investigated as inorganic support for the synthesis of
organic-inorganic hybrid materials, due to their potential applications
in many industrial and biological fields [1]. Their magnetic character
makes them to be effective and easily separated from the reaction
media by applying an external magnetic field. In addition, when
magnetic nanoparticles are used as supports, the size of the support
materials is decreased to the nanometer scale, and all of the catalytic
sites on the external surface of the particles can be accessible to the
substrates [2]. As a consequence, the activity of these nanoparticle-
supported catalysts could be improved compared to conventional
heterogeneous catalysts based on porous support matrices, where
internal pore diffusion in the porous catalysts can represent a rate
limiting step [2]. In this way, organic-inorganic hybrid materials
based on magnetic nanoparticles have been widely used in the field
of biology, medicine and catalysis [3-6].

In recent years, modified magnetic nanoparticles have received a lot
of attention as support for preparation of noble metal nanoparticles
[7-22]. However, most of these techniques use organosilica precursors
as organic shell in order to prepare a suitable support for trapping
metal nanoparticles. The organosilane precursors not only involve com-
plicated synthesis and purification method, but also are very expensive
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and toxic. Therefore, from both environmental and economic points of
view, preparation of the modified magnetic nanoparticles via a simple
method and without using organoalkoxysilane compounds is highly
desirable.

The reduction of nitro compounds to amino compounds is indus-
trially important as the amines obtained are commercially important
starting materials and intermediates for a number of valuable
compounds such as pharmaceuticals, agrochemicals and dyes
[23,24]. In this regard, a variety of reducing systems and catalysts
has been used for catalytic reduction of nitro compounds [25-33].

In continuing our efforts towards the development of efficient
and environmentally benign heterogeneous catalysts [34,35], herein,
Fe;0,4/PB-alanine-acrylamide nanocomposite containing Ni nanoparticles
was prepared via a simple method without using organosilane precur-
sors, as a novel heterogeneous magnetic catalyst. The catalytic activity
of this magnetic nanocomposite was tested in the reduction of different
nitro aromatic compounds in the presence of sodium borohydride
(NaBH,4) as a mild reducing agent.

2. Experimental
2.1. Catalyst preparation

The procedure for preparing the Fe304/Ala-AA-Ni nanocomposite
includes three steps. The overall schematic procedure used to synthe-
size the magnetic catalyst was illustrated in Scheme 1, and the detailed
procedure was described as follows.

In the first step, magnetic nanoparticles were prepared in the pres-
ence of 3-alanine amino acid via a simple co-precipitation route reported
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Scheme 1. Schematic representation procedure for the preparation of Fe304/Ala-AA-Ni nanocomposite.

in an early study [36]. FeCl5-6H,0 (13 g, 0.048 mol), FeCl,-4H,0 (4.8 g,
0.024 mol) and (-alanine (8.5 g, 0.096 mol) were dissolved in 100 mL
deionized water. Then, the solution pH was adjusted to 11 with NaOH
solution (2 M) to form a black suspension. Afterwards, the suspension
was reflux for 12 h under vigorous stirring and Ar atmosphere. Finally,
the obtained nanocomposite was separated from the aqueous solution
by magnetic decantation, washed several times with deionized water
and dried in an oven overnight to yield Fe;04/Ala.

In the second step, Michael addition of acrylamide (AA) to amino
groups on the surface of Fe304 nanoparticles was carried out as
the following. At first, 0.5 g of Fe304/Ala, 7 mL of methanol and
acrylamide (1 g, 0.014 mol) were placed in a round bottom flask.
Then, the mixture was stirred at 50 °C for 24 h. Finally, the resulting
powder (Fe;04/Ala-AA) was separated by an external magnet, washed
several times with methanol and dried at room temperature.

In the last step, incorporation of nickel nanoparticles onto
the Fe304/Ala-AA nanocomposite was carried out by mixing the
Fe304/Ala-AA (1 g) and NiCl,-6H,0 (0.12 g) in methanol (30 mL)
and was refluxed for 10 h. Then, the reaction was cooled at room
temperature and NaBH,; solution (catalyst:NaBH, = 1:5) was
added dropwise to the mixture and stirred for 2 h. Finally, the syn-
thesized nanocomposite (Fe304/Ala-AA-Ni) was separated from the
suspension by magnetic decantation, washed several times with
deionized water and methanol, and dried under vacuum at room
temperature. The weight percentage of Ni in the Fe;04/Ala-AA-Ni,
as determined by inductively coupled plasma (ICP), was 6.12 wt.%.

2.2. General procedure for the reduction of nitro aromatic compounds
In a typical procedure, a mixture of nitrobenzene (2 mmol), NaBH,4

(6 mmol), Fe304/Ala-AA-Ni (0.03 g) and water (3 mL) was placed in a
round bottom flask. The suspension was stirred at room temperature.

The reaction process was monitored by thin layer chromatography
(TLC). At the end of the reaction, the residue was extracted with diethyl
ether. The organic layer was dried over Na,SO,4 and the solvent was
removed under reduced pressure. Pure product was obtained by
column chromatography over silica gel using hexane/ethyl acetate as
eluent. The products were identified with 'TH NMR, >C NMR and FT-IR
spectroscopy techniques.

3. Results and discussion

Crystalline structures of the Fe304/Ala-AA and Fe30,4/Ala-AA-Ni were
analyzed by XRD (Fig. 1a, b) (evaluated by Bruker D8 Advance diffrac-
tometer). According to Fig. 1, the diffraction peaks corresponding to
the Fe;04 crystals [37] are observable in both samples. Furthermore,
apart from the original peaks related to Fe;O,4 the new diffraction
peaks of the (111) and (200) planes of fcc nickel nanoparticle [38] are
present in the spectrum of Fe304/Ala-AA-Ni which indicate the existence
of Ni element in the form of Ni(0) (Fig. 1b), although characteristic
diffraction peak of (111) overlapped with that of Fe30,4 nanoparticles.

The FT-IR spectra of Fe304/Ala, Fe304/Ala-AA and Fe30,4/Ala-AA-
Ni nanocomposites were recorded to confirm the modification of
the magnetite surface with the organic shell and Ni nanoparticles
(Fig. 2a-c) (recorded with PerkinElmer 65 spectrometer). The pres-
ence of magnetite nanoparticles is observable by the strong adsorp-
tion band at 589 cm~', corresponding to the Fe—O vibrations
(Fig. 2a-c). In the case of Fe304/Ala (Fig. 2a), the adsorption peaks
at 1447, 1589, 1416 and 3244 cm~! are due to bending vibration
of N—H, asymmetric and symmetric stretching of COO ™, and stretching
of N-H, respectively, which indicate the presence of bound 3-alanine
on the surface of magnetite nanoparticle. Furthermore, it has been
reported that the wavenumber separation between the COO™ .5 and
COO IR bands can be used to distinguish the type of the interaction
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Fig. 1. XRD patterns of (a) Fe304/Ala-AA and (b) Fe;04/Ala-AA-Ni.

between the carboxylate head and the metal atom [39]. Since the wave-
number separation between the COO~,s and COO~ bands is 173 cm™!
(1589 — 1416 = 173 cm™!), it can be concluded that the interaction
between the COO™ group and the Fe atom is covalent and bridging
bidentate [39]. The presence of peak at around 2800-3000 cm™ ' also
corresponds to the aliphatic C—H stretching of the methylene groups,
which is observable in the samples (Fig. 2a-c). In Fe304/Ala-AA
(Fig. 2b), the new band at 1668 cm ™! is due to stretching vibration of
C=0 bond, indicating the presence of amide group in the nanocompos-
ite. Fe30,4/Ala-AA-Ni spectrum (Fig. 2c) shows that the bending vibra-
tion absorption band of N—H at 1447 cm™! is shifted to the lower
wavenumbers (1447 — 1382 cm™!), which is possibly due to the
strong interaction between the N groups of amide and metal parti-
cles. Moreover, the band at around 1668 cm™!, which is related to
the carbonyl bond of AA, is also shifted to the lower wavenumbers
(1668 — 1631 cm™'). Furthermore, the peak intensity of the car-
bonyl bond in the spectrum of Fe;0,4/Ala-AA-Ni is lower than that
of Fe30,4/Ala-AA. These observations may be due to the strong inter-
action between the Ni nanoparticles and C=0 groups. In other
words, the double bond CO stretches become weak by coordinating
with the metal nanoparticles [40-42], which is confirmed that Ala-
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Fig. 2. FT-IR spectra of (a) Fe304/Ala, (b) Fe304/Ala-AA and (c) Fe;04/Ala-AA-Ni.

AA molecules exist on the surface of the nanocomposite, and coordi-
nate with the Ni nanoparticles.

In order to investigate about the state of Ni in the nanocomposite,
the XPS study was carried out on the Fe;04/Ala-AA-Ni catalyst (Fig. 3)
(recorded with Shimadzu ESCA SSX-100). The Ni 2p spectrum exhibits
two main peaks at 851.8 and 868.9 eV which are attributed to Ni(0)
2ps2 and Ni(0) 2p; 5, respectively (Fig. 3). It means that the Ni species
are stable as metallic state in the Fe304/Ala-AA-Ni nanocomposite.
Furthermore, it can be seen that the Ni(0) 2ps, and 2p,, binding
energy of 851.8 and 868.9 eV represented in Fig. 3 are slightly lower
than those of typical Ni nanoparticles (852.3 eV for Ni 2ps, and
869.7 eV for Ni 2p;, [41]). This may be due to the interaction
between N and O atoms of Ala-AA and Ni nanoparticles which causes
to increase in the charge density around Ni(0) and decrease in bind-
ing energy. In general, the binding energy of metal nanoparticles is
sensitive to the surrounding chemical environment which means
that when the metal species are interacted with ligands, the binding
energy will decrease slightly [43]. According to the XPS and IR
results, it can be concluded that the Ni nanoparticles were success-
fully incorporated onto the Fe304/Ala-AA nanocomposite.

The morphology of the nanocomposite was observed on transmission
electron microscopy (performed on Phillips CM10 microscope). Fig. 4
shows TEM image of the Fe;0,/Ala-AA-Ni nanocomposite catalyst. As
can be seen, the Ni nanoparticles were found to be highly dispersed on
the surface of the Fe304/Ala-AA nanocomposite with the average
diameter size of ~3-4 nm.

Fig. 5 depicts the N, adsorption-desorption isotherms of the
Fe304/Ala-AA and Fe;0,4/Ala-AA-Ni nanocomposites (Fig. 5a,b) (recorded
with Series BELSORP 18). As can be seen, these isotherms are similar to
isotherms of type IV, according to the IUPAC nomenclature, which are
the typical characteristics of mesoporous structure [44]. The BET surface
areas of the Fe304/Ala-AA and Fe3;04/Ala-AA-Ni nanocomposites were
calculated to be 133.7 m? g~ ! and 964 m? g~ ' respectively. This reduc-
tion in the specific surface area may be due to the incorporation of Ni
nanoparticles onto the Fe;04/Ala-AA magnetic support.

The structural composition of the Fe;04/Ala-AA-Ni nanocomposite
was further examined by energy-dispersive X-ray (EDX) analysis
(recorded with Phillips CM10 microscope which was equipped
with an energy-dispersive X-ray analyzer). A typical EDX spectrum
taken from the nanocomposite was shown in Fig. 6, where peaks
associated with Fe, C, O, N, and Ni can be distinguished. The
quantitative analysis gives weight ratios of C (39.87%), Fe
(20.96%), O (27.62%), N (3.17%) and Ni (6.07%). Taking the
EDX analysis into consideration, the presence of Ala-AA-Ni in the
structure of magnetic nanocomposite can be further confirmed.
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Fig. 3. XPS spectrum of Ni 2p of Fe;04/Ala-AA-Ni nanocomposite.
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Fig. 4. TEM image of Fe;0,4/Ala-AA-Ni nanocomposite.

The thermal stability of the magnetic catalyst before and after mod-
ification with Ni nanoparticles was investigated under N, atmosphere
by thermogravimetric analysis (TGA) (performed on TSTA Type 503).
TGA curves of the Fe304/Ala-AA and Fe;04/Ala-AA-Ni nanocomposites
were shown in Fig. 7. It is clearly observed that there are two main
weight loss steps in both TG curves. The first one occurs at <150 °C
which is due to the desorption of physically adsorbed water in the
samples (Fig. 7a, b). In the case of Fe304/Ala-AA, the second step
which appears at around 250 °C is related to the decomposition of
coating organic layer (Ala-AA) in the nanocomposite (Fig. 7a). However,
it can be seen that the Fe30,4/Ala-AA-Ni has higher thermal stability than
Fe304/Ala-AA (Fig. 7b, the second step begins at about 300 °C), which
may be attributed to the presence of Ni nanoparticles in the nano-
composite structure [45]. Thus, the TGA curves confirm the successful
grafting of Ala-AA-Ni onto the surface of magnetic nanoparticles. In
addition, comparing the two curves demonstrates that the weight
percentage of nickel in the synthesized catalyst is about 6%, which is
in agreement with ICP and EDX analysis.
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Fig. 5. N, adsorption-desorption isotherms of (a) Fe;04/Ala-AA and (b) Fe304/Ala-AA-Ni
nanocomposites.
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Fig. 6. EDX spectrum of Fe;0,/Ala-AA-Ni nanocomposite.

In order to optimize the reaction conditions and to obtain the best
catalytic activity, the reduction of nitrobenzene was chosen as a model
reaction. The reactions were conducted in water as solvent at room
temperature.

The effect of NaBH, amount on the reduction reaction was investi-
gated using 0.02 g of the catalyst and 2 mmol of nitrobenzene. The
results represented that by increasing the amount of NaBH, from
4 mmol to 6 mmol, the yield of the reaction raised significantly from
60% to 79%, while with further increase of the NaBH, amount, the
yield remained constant. Therefore, 6 mmol of NaBH, was chosen as
the optimum amount of reducing agent for the further steps.

The reduction reaction of nitrobenzene with NaBH, over different
amounts of the Fe30,4/Ala-AA-Ni was also investigated. It was observed
that while the amount of catalyst increased from 0 to 0.03 g, the product
yield raised significantly from 0% to 98%, which was probably due to the
availability of more active sites (Ni nanoparticles). Since then, the prod-
uct yield remained stable between 0.03 g and 0.04 g. No reaction yield
without using the catalyst corroborates that the Fe;04/Ala-AA-Ni cata-
lyst plays a pivotal role in the reduction of nitro aromatic compounds.

In the view of industrial purposes, reusability of the catalyst was
tested by carrying out repeated runs of the reaction on the same batch
of the catalyst in the case of the model reaction (Table 1). In order to
regenerate the catalyst, after each cycle, it was separated by a magnet,
washed several times with deionized water and diethyl ether. Then, it
was dried in oven at 60 °C and reused in the subsequent run. According
to the results, the Fe304/Ala-AA-Ni can be reused seven times without
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Fig. 7. TG curves of (a) Fe;04/Ala-AA and (b) Fe304/Ala-AA-Ni nanocomposites.
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Table 1

The catalyst reusability for the reduction of nitrobenzene.
Cycle Yield (%)?
Fresh 98
1 98
2 98
3 96
4 96
5 95
6 93
7 92

Reaction conditions: nitrobenzene (2 mmol), Fe;04/Ala-AA-Ni (0.03 g), H,O (3 mL),
NaBH, (6 mmol), room temperature, reaction time = 5 min.
@ Isolated yield.

Table 2

Reduction of various nitro aromatic compounds over Fe304/Ala-AA-Ni.
Entry  Substrate Product Time (min) Yield (%) *
1 NO, NH, 5 98

s
-

Immediately 98

-
s

z
&

NH,

w
z
S
z

Immediately 98

Z

A
z
&

Immediately 98

& &

OH OH

Immediately 98
CH,

O
¢

6 NH, NH, 15 95
OZN\©/NOZ HZN\©/ NH,

7 NO, NH, 5 97

8 NO, NH, 5 9

9 9

32
w—< —2z 0—4 —
B I

w

w
=

Reaction conditions: substrate (2 mmol), Fe304/Ala-AA-Ni (0.03 g), NaBH,4 (6 mmol), H,O
(3 mL), room temperature.
¢ Isolated yield.

any significant loss of activity performance in the reduction of nitroben-
zene (decreased by 6%).

In order to prove the heterogeneous nature of the catalyst and to
determine the leaching of Ni nanoparticles, heterogeneity test was
performed for the optimized reduction reaction of nitrobenzene, in
which the catalyst was separated from the reaction mixture at approx-
imately 50% conversion of the starting material. Afterwards, the reaction
progress in the filtrate was monitored. No further reduction reaction
occurred even at extended times, indicating that the nature of reaction
process is heterogeneous and there is not any reaction progress in
homogeneous phase. In addition, the reaction solution contained no
significant amounts of Ni nanoparticles so that the metal nanoparticles
immobilized onto the magnetic support are responsible for the sub-
strate reduction.

The Fe304/Ala-AA-Ni catalyst also represented high activity in the
reduction of different nitro aromatic compounds (Table 2), after ascer-
taining the optimum experimental conditions. In all cases, the reduction
reactions proceed to give the corresponding aniline derivatives in excel-
lent yields and short reaction times.

4. Conclusion

Fe30,4 nanoparticles were coated by [3-alanine-acrylamide (Ala-
AA) organic shell via a simple method, without using any expensive
organosilane or bridged organosilane compounds. The Fe304/Ala-AA
nanocomposite was effectively employed as scaffold for in situ
generation of Ni nanoparticles. The Fe304/Ala-AA-Ni nanocomposite
was found to be a highly efficient and reusable catalyst in the reduc-
tion of various nitro aromatic compounds by NaBH, in short reaction
times and high yields. These unique results open new perspectives
for application of these types of heterogeneous magnetic nanocom-
posites in other organic reactions.
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