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Abstract Herein we report the fabrication and charac-

terization of Pd decorated Fe3O4 nanoparticles as highly

effective catalysts for hydrogenation of 4-nitroaniline and

1,3-dinitrobenzene in liquid phase. The fabricated Fe3O4

nanoparticles exhibit an average size of 12 nm and super

paramagnetic character with a high saturation magnetiza-

tion (80 emu/g). The surface –NH2 groups effectively binds

the in situ formed Pd nanoparticles. Thus formed Fe3O4–

APTES–Pd(0) catalyst showed a very high catalytic

activity in reduction reactions of 4-nitroaniline and 1,

3-dinitrobenzene in liquid phase. Electron donor –NH2

groups supported Pd may be responsible for the increased

catalytic activity. The superparamagnetic character of this

system allows easy recovery and multiple uses without

significant loss of its catalytic activity.

Keywords Heterogeneous catalyst � Hydrogenation �
Magnetic nanomaterials � Catalytic activity

1 Introduction

Magnetic nanoparticles (MNPs)-supported catalysts have

been employed as heterogeneous catalysts for various

organic reactions due to their large specific surface area

combined with their magnetic property [1–9]. They can

easily be collected by a magnet for reuse to prevent waste

of precious catalytic material. Recently, much attention has

been focused on the surface modification of MNPs with

appropriate capping agents to render their stability and

dispersibility and to anchor the catalytically active com-

plexes [10–14]. The MNP-supported catalysts show also a

high degree of chemical stability; and, they do not swell in

organic solvents. Among the known MNPs, iron oxides

(Fe3O4 and c-Fe2O3) are most commonly used as catalyst

supports and in a variety of biomedical applications [15,

16]. The catalytic species can be attached onto magnetic

supports either by post modification of the MNP surface

[17] or by co-precipitation during the MNP synthesis [18].

Silanization agents are often considered as promising

candidates for modifying the surface of iron oxide NPs

directly, to increase their biocompatibility and density of

the surface functional end-groups, thereby allowing further

binding to other metal NPs, polymers or biomolecules [19,

20]. In general, silane-coated iron oxide NPs still exhibit

the characteristic of bare iron oxide NPs; namely, main-

taining a high saturation magnetization. 3-Aminopropyl-

triethoxysilane (APTES), p-aminophenyltrimethoxysilane

(APTS), and mercaptopropyltriethoxysilane (MPTES) are

mostly employed for providing amino and thiol (–SH)

groups on NPs. The hydroxyl groups on the iron oxide NPs

surface react with the alkoxy groups of the silane mole-

cules leading to the formation of Si–O bonds and leaving

the terminal functional (amine or thiol) groups available for

immobilization of other substances [21].
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Heterogeneous catalysts with a matrix structure, gener-

ally known as the magnetically recyclable catalysts

(MRCs), have been developed in recent years and have

proved useful in separation and recovery of precious cat-

alytic material in liquid-phase reactions by using an

external magnetic field. Particularly, when the catalysts are

in the nanometer size range, they possess higher activity

than their pure and bulk single-metal or nonmetal coun-

terparts [22, 23]. Therefore, the development of facile and

rapid methods for the preparation of efficient MRCs is

attractive. Amines have a strong affinity for noble metals

(e.g. Pd, Pt) and can also keep the MNPs from aggregation,

without disturbing their magnetic properties [24, 25].

Various MNP-supported Pd catalysts have been widely

used for promoting organic reactions [26–31]. Pd immo-

bilized on surface-modified Fe3O4/SiO2 nanoparticles, as a

magnetically separable and stable recyclable high-perfor-

mance catalyst, has been developed for Suzuki and Heck

cross-coupling reactions by Li and co-workers [32].

Furthermore, Pd catalyst supported by magnetically

recoverable Fe3O4/SiO2 has also been used for the one-pot

multi-component synthesis of diazepine derivatives starting

from simple and readily available precursors including a

1,2-diamine, a linear or cyclic ketone and an isocyanide

[33]. Piperidine-4-carboxylic acid (PPCA)-functionalized

Fe3O4 nanoparticles, considered as a novel organic–inor-

ganic hybrid heterogeneous catalyst, has been fabricated

and used as a magnetic catalyst for Knoevenagel reaction

by Karaoglu et al. [34]. Pd decorated/coated NiFe2O4 and

Fe3O4 MRCs were also used for hydrogenation reactions of

4-nitroaniline (NA) and 1,3-dinitrobenzene (mDNB) in the

liquid phase by Karaoğlu et al. [35] and Baykal et al. [36],

respectively.

In this study, we describe the preparation of super-

paramagnetic iron oxide nanoparticles that are coated with

APTES. This organosilane can bind to the magnetite sur-

face by covalent bonding and bind to palladium (Pd(0))

through the exposed active amino groups rendering the

entire nano-assembly, (Fe3O4–APTES–Pd(0)), catalytically

active. Detailed physicochemical characterization and

catalytic activity applications in hydrogenation reaction of

NA and mDNB have been performed to demonstrate the

potential of the designed MRC system.

2 Experimental

2.1 Chemicals and Instrumentation

FeCl3�6H2O, FeCl2�4H2O, PdCl2, NaOH, APTES (3-ami-

nopropyl-triethoxysilane), and NaBH4 were obtained from

Merck Co. and were used without further purification.

X-ray powder diffraction (XRD) analysis was conducted

on a Rigaku Smart Lab Diffractometer operated at 40 kV

and 35 mA using Cu Ka radiation. High resolution trans-

mission electron microscopy (HR-TEM) analysis was

performed using a JEOL JEM 2100 microscope. Diluted

sample dispersed in alcohol was drop-cast onto a Cu TEM

grid and dried prior to analysis. Fourier transform infrared

(FT-IR) spectra were recorded in transmission mode

(Perkin Elmer BX FT-IR) on powder samples that were

ground with KBr and compressed into a pellet. FT-IR

spectra from 4,000 to 400 cm-1 were recorded to investi-

gate the nature of the chemical bonds. The thermal stability

was determined by thermogravimetric analysis (TGA,

Perkin Elmer Instruments model, STA 6000). The TGA

was recorded for 5 mg of powder at a heating rate of

10 �C/min from 30 to 800 �C under a nitrogen atmosphere.

VSM measurements were performed by using a vibrating

sample magnetometer (LDJ Electronics Inc., Model 9600).

The magnetization measurements were carried out in an

external field up to 15 kOe at room temperature. The

optical absorption characteristics of various samples were

evaluated by UV–Vis absorption spectrometry (Shimadzu

UV–Vis 2600). Elemental analysis was performed using

inductively coupled plasma atomic spectroscopy (Perkin

Elmer Optima 4300DV ICP).

2.2 Synthetic Procedures

2.2.1 Preparation of the Magnetic Fe3O4–APTES

Nanoparticles (MNPs)

Magnetic Fe3O4 NPs were prepared by chemical co-pre-

cipitation of chloride salts of Fe3? and Fe2? ions at a molar

ratio of 2:1. Typically, FeCl3�6H2O (5.8 g, 0.02 mol) and

FeCl2�4H2O (2.14 g, 0.01 mol) were dissolved in 100 mL

deionized water at 85 �C under Ar atmosphere with vig-

orous stirring. (Scheme 1) Then, NaOH (10 mL, 25 %)

was quickly injected into the reaction mixture in one por-

tion. The addition of the base to the Fe2?/Fe3? salt solution

resulted in the spontaneous formation of a black precipi-

tate. Heating was continued for another 25-min and then

the mixture was cooled to room temperature. The black

precipitate was washed twice with warm distilled water.

The obtained MNPs were dispersed in ethanol/water (vol-

ume ratio 1:1) solution by sonication for 30-min. Then

APTES (6 mL, 99 %,) was added to the mixture. After

mechanical stirring at 40 �C for 8-h, the suspended MNPs

were separated magnetically. The settled product was re-

dispersed in ethanol by sonication and then was isolated

with magnetic decantation. This was repeated 3-times to

completely remove free/unreacted APTES molecules. The

precipitated product (Fe3O4–APTES) was dried at room

temperature under vacuum.
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2.2.2 Preparation of the Magnetically Recyclable

Fe3O4–APTES–Pd(0) Catalysts (MRCs)

The synthesized Fe3O4–APTES nanopowder was added to

PdCl2 (30 mL of 0.01 g aqueous solution) and stirred for

24-h at 35 �C. After producing Fe3O4–APTES–Pd2?, Pd2?

ions were reduced by NaBH4 (30 mL of 0.1 M aqueous

solution), resulting in the formation of a black powder

(Fe3O4–APTES–Pd(0)) (Scheme 2). The solid catalyst thus

formed was separated by magnet and washed several times

with ethanol.

2.2.3 Catalytic Activity of MRCs on Hydrogenation of NA

aniline and mDNB

The catalytic activity of the magnetically recyclable

Fe3O4–APTES–Pd(0) catalyst for hydrogenation of NA

and mDNB by NaBH4 was determined by UV–Vis spec-

troscopy. Specifically, by comparing the decrease in the

intensity of the characteristic band at 380 nm (originating

from the –NO2 group) for NA and *240 nm for m-DNB.

The absorption spectra of the reaction solution were

recorded at different times after the addition of the catalyst.

According to the ICP results, the Pd content in the

product was 3.5 % by weight. In a typical run, 0.2 mL

magnetically recyclable aqueous Fe3O4–APTES–Pd(0)

catalyst solution with a Pd concentration of 0.1 mg/mL was

added to a mixture of NA (1.4 mL 0.4 mM) or mDNB, and

NaBH4 (1.4 mL, 30 mM). The molar ratio of Pd to NA/

mDNB was kept at approximately 1:2 during the reaction.

3 Results and Discussion

3.1 XRD Analysis

Phase investigation of the crystallized product was per-

formed by XRD. The powder diffraction pattern of the

APTES-coated nanoparticles is presented in Fig. 1. All the

observed diffraction peaks were indexed to the cubic

structure of Fe3O4 (JCPDS no. 19-629) revealing the high

phase purity of the product. The diffraction peaks were

Scheme 1 Preparation scheme

for the fabrication of APTES-

functionalized Fe3O4, Fe3O4–

APTES, nanoparticles

Scheme 2 Schematic

representation of the formation

of Fe3O4–APTES–Pd (0)

catalyst
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Fig. 1 XRD powder diffraction pattern of a Fe3O4–APTES and

b Fe3O4–APTES–Pd(0) with their line profile fitting
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broadened owing to very small crystallite size. The mean

crystallite size was estimated from the diffraction pattern

by the line profile fitting method using the Eq. 1 given in

Ref. [37, 38]. The line profile (Fig. 1) was fitted for the

observed seven peaks with the following miller indices:

(220), (311), (222), (400), (422), (511) and (440). The

average crystallite size obtained is 12 ± 6 nm.

3.2 FT-IR Analysis

The FT-IR spectra of uncoated Fe3O4 NPs and Fe3O4–

APTES–Pd(0) catalyst are shown in Fig. 2. The spectrum of

the Fe3O4 NPs (Fig. 2a) exhibits a metal–oxygen band, v1,

at 590 cm-1 corresponding to intrinsic stretching vibrations

of the metal at a tetrahedral site (Fetetra $ O), whereas the

metal–oxygen band observed at 445 cm-1, v2, is assigned to

an octahedral-metal stretching (Feocta $ O) [39–44].

The adsorption of APTES onto the surface of magnetite

particles was confirmed by bands at 1110, 1050 and

990 cm-1 assigned to the SiO–H and Si–O–Si groups [45,

46]. The silica network was bonded to the magnetite surface

by Fe–O–Si bonds. This absorption band cannot be seen in

the FT-IR spectrum because it appears at *584 cm-1,

which overlaps with the Fe–O vibration of the magnetite

nanoparticles [47, 48]. The absorption bands at 922 and

862 cm-1 revealed the presence of Si–O–H and OH

vibrations on the surface of the magnetite. The two broad

bands at 3,417 and 1,625 cm-1 are ascribed to the N–H

stretching and NH2 bending vibrations of free NH2 group,

respectively [49, 50]. At *3,400 cm-1, the symmetric and

asymmetric –NH stretch modes of amino groups in APTES

are very weak. Absorption bands at 2929, 1313 and

924 cm-1 are associated with the vibration bands for –CH2,

C–N and Si–CH2 bonds, respectively, from aminoprop-

ylsilane [51]. The presence of C–H was confirmed by the

stretching vibrations at 2,930 and 2,862 cm-1 [52–56]. For

the APTES-coated nanoparticles, Si–O–Si stretching was

verified by the absorption bands at 1,150–1,100 cm-1 [57].

Thus, the surface of the MNPs were successfully func-

tionalized with amino groups by this synthetic process, and

is in agreement with the earlier reports [20, 25].

3.3 TEM Analysis

The morphology of the Fe3O4–APTES–Pd(0) catalyst

along with a size distribution histogram are determined by

TEM. The micrographs are given in Fig. 3. Particles were

observed to have a mixture of polygonic and spherical

morphology. A closer examination of Fe3O4 NPs (Fig. 3b)

reveals the presence of very small (\1 nm) Pd particles

with a darker contrast due to their high density. This also

indicates that functionalization and subsequent reduction to

decorate the Pd NPs on the Fe3O4 NPs was successfully

achieved. The average size of Fe3O4–APTES NP was

estimated at 12 ± 2 nm. The size estimated from TEM

micrographs agrees well with the crystallite size estimated

from XRD line profile fitting, which may reveal the nearly

single crystalline character of Fe3O4 NPs.

3.4 Thermal Analysis

The thermal stability of the Fe3O4–APTES–Pd(0) catalyst was

evaluated by TG. The thermograms are given in Fig. 4. The

values of the residual weights were used to assess the APTES

content in the material. Upon heating, the magnetite NPs

showed a weight loss of*2 % fom 65 to 130 �C and is mainly

due to the loss of physically adsorbed water. The weight loss

of APTES-modified magnetite NPs is 16 % over a broad

temperature range of 250–700 �C [56, 58], which reveals the

composition of the material as 82 % MNP and 16 % APTES.

3.5 Magnetization Measurements

The room temperature magnetization curve for the Fe3O4–

APTES–Pd(0) catalyst is given in Fig. 5. The M-H hys-

teresis curve has a negligible coercivity and remanence. In

addition, magnetization of the sample increases with the

external magnetic field without reaching saturation even at

1.5 T. These are characteristic features of super-paramag-

netic NPs. Specific saturation magnetization, Ms, of the

sample is 63 emu/g at 15 kOe. However, this value should

be normalized to the weight of the magnetic core (ca.

82 %). Ms of Fe3O4–APTES–Pd(0) catalyst reaches 75.5

emu/g upon normalization, which is still far from the the-

oretically predicted value (i.e., 92 emu/g). The possible

reason for this observation in nanoparticle systems is the
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Fig. 2 The FT-IR spectra of a uncoated Fe3O4 NPs, b Fe3O4–

APTES catalyst
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difference in spin ordering at the surface of the particles

over that in the bulk, which forms a magnetic core non-

magnetic shell configuration. Surface effects dominate the

properties of the nanoparticles since decreasing the particle

size increases the surface-to-core spin ratio. Surface effects

result from the lack of translational symmetry at the

boundaries of the particle due to the lower coordination

number and existence of broken magnetic exchange bonds

that lead to the surface spin disorder and frustration. The

magnetization of the Fe3O4–APTES–Pd(0) catalyst is fur-

ther reduced most probably by the presence of the surfac-

tant molecules on the surface of the magnetite core. This

occurs over the O-atoms on the surface of the SPIONs.

Some of the free electrons; i.e., magnetic moments, are

used in this process. Hence, the reduced Ms can be ascribed

to surface spin disorder, canting and adsorption of surfac-

tant molecules to the surface of the SPIONs [59, 60].

Magnetization of the Fe3O4–APTES–Pd(0) catalyst can

be described by the Langevin function (Eq. 1), which can

be used to determine the magnetic domain size,

M ¼ Ms cothðlH

kBT
Þ � kBT

lH

� �
ð1Þ

where, l denotes the mean magnetic moment of a single

particle, H is applied field and kBT corresponds to the thermal
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energy of the particles. The Langevin relation considers each

particle as a magnetic mono-domain. The relationship

between the mean magnetic moment of a particle and

saturation magnetization of system of particles (Eq. 2) can

be used to calculate average magnetic domain size, D,

l ¼ MspqD3

6
ð2Þ

where q is the density of the sample.

The mean magnetic moment, which is used as a fitting

parameter, is determined by fitting Eq. 1 to the M-H hys-

teresis curve of the composite that is normalized to the bulk

mass as 15.305 lB at 300 K. Using this value, the mean

magnetic domain size; i.e., 8.96 ± 1.00 nm, is obtained.

The magnetic domain size is slightly smaller than the

average crystallite size and particle size, which is estimated

from XRD and TEM analyses. This also confirms the

presence of a magnetically dead layer on the Fe3O4 NPs.

3.6 Catalytic Activity

3.6.1 Catalytic Activity of MRCs on Hydrogenation of NA

During hydrogenation, the band at 380 nm originating

from the –NO2 group decreases in intensity and a new band

appears at *240 nm, which arises from the formation of
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Fig. 5 Room temperature M–H hysteresis curve of Fe3O4–APTES–

Pd(0) catalyst and bulk magnetite, which is determined by normal-

ization of the former curve to the mass fraction of the magnetic core.

The solid line corresponds to a Langevin fit of the measured M-H

hysteresis curve and is used to determine average magnetic domain
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4-phenylenediamine. The formation of this compound

confirms complete hydrogenation of NA.

The hydrogenation of NA by NaBH4 in the absence of

catalyst was quite slow. The spectra of the mixture of NA

and NaBH4 solutions (Fig. 6a) was dominated by the band

at 380 nm, which corresponds to intermolecular charge

transfer for NA [61]. The intensity of this characteristic

band decreases very slowly after 1-h. The catalytic effect

of the Fe3O4–APTES nanocomposite on the hydrogenation

of NA was also investigated. It was found that it had very

little effect (Fig. 6b). On the other hand, the hydrogenation

of NA was greatly accelerated after the addition of an

aqueous solution of the Fe3O4–APTES–Pd(0) catalyst

(Fig. 6d). The successive absorption spectra are shown in

Fig. 6d. In the presence of the Fe3O4–APTES–Pd(0) cata-

lyst, the reaction reaches completion after only 1.0-min.

Comparatively, after the addition of an aqueous solution

of Pd(0), the reduction peak disappears after 20-min

(Fig. 6c). The results indicate that the catalytic activity of

the magnetically recyclable Fe3O4–APTES–Pd(0) catalyst

is better than that of the Pd/C catalyst. This may be due to

the fact that in Fe3O4–APTES–Pd(0), the Pd NPs were

evenly decorated on NH2 (Scheme 1), where N acts as

electron donor increasing the activity of Pd. As a result, the

magnetically recyclable Fe3O4–APTES–Pd(0) catalysts

offer higher catalytic activity by accelerating electron

transfer from NaBH4 to Pd NPs on the MRCs and finally to

NA.

The reusability of the magnetic catalyst was also

examined by carrying out five repeated runs using the same

batch of recycled *2 mol% Fe3O4–APTES–Pd(0) catalyst

in hydrogenation. The decrease in the activity of the cat-

alyst after five runs is only 3 %, which indicates that

multiple use (after recycling) without significant loss of

material and catalytic activity is possible (Fig. 7).

3.6.2 Catalytic Activity of MRCs on Hydrogenation

of mDNB

The catalytic activity test of Fe3O4–APTES–Pd(0) on the

hydrogenation of mDNB was also performed by observing

the absorption peak of mDNB at *240 nm [62]. The

hydrogenation reaction that took *10-h in the presence of

NaBH4 took only 1-min in the presence of Fe3O4–APTES–

Pd(0) (data not shown) [63]. This indicates the versatility

and high catalytic activity of the MRC for hydrogenation

reactions in the liquid phase (Fig. 8).
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4 Conclusion

The fabrication and characterization of Pd-decorated Fe3O4

nanoparticles as a highly effective catalyst for reduction

reactions in liquid phase was developed. The nanoparticles

were characterized by FT-IR, XRD, TEM, TGA, ICP, UV–

Vis and VSM techniques. The fabricated Fe3O4 nanopar-

ticles exhibited an average size of 12 nm (TEM, X-ray line

profile fitting), and a magnetic domain size of 9 nm, which

reveal a nearly single crystalline character of the nano-

particles as well as the presence of a magnetically dead

layer. Superparamagnetic character with a high saturation

magnetization (80 emu/g) make this material attractive

since it is now possible to easily recover the catalysts from

solution after use by magnetic decantation. FT-IR analysis

confirms the presence of APTES coating with exposed

amine (–NH2) groups on the nanoparticles. These –NH2

groups were effective in binding in situ formed Pd nano-

particles. The fabricated Fe3O4–APTES–Pd(0) catalyst

showed very high catalytic activity in the reduction of NA

and mDNB in the liquid phase. Electron donor –NH2

groups may be responsible for the increased catalytic

activity of the supported Pd nanoparticles. The magnetic

character of this system allowed recovery and multiple uses

without significant loss of its catalytic activity.
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