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Abstract The surfaces of Fe3O4 nanoparticles were mod-
ified with [3-(2,3 epoxypropoxy)propyl]trimethoxysilane
and polyethylenimine (PEI) and then manganese
acetate was loaded on Fe3O4@PEI and the resultant
Fe3O4@PEI.Mn nanoparticles applied as a heterogeneous
nanocatalyst. The prepared Fe3O4@PEI nanoparticles
were characterized by FTIR, powder X-ray diffraction,
TGA, VSM, SEM and TEM. The EDAX analysis was
used to identify the elemental composition of the pre-
pared Fe3O4@PEI.Mn nanoparticles. The catalytic activity
and selectivity of the Fe3O4@PEI.Mn was examined in
cyclohexene, ethyl benzene and toluene oxidation reaction
with 30 % aqueous H2O2 as an oxidant. Furthermore, the
effect of reaction parameters such as kinds of solvents,
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temperature, oxidant amount and catalyst reusability were
investigated. Results show that the original properties of the
nanoparticles were well preserved and also good activity
and reusability were observed in the oxidation of cyclohex-
ene, ethyl benzene and toluene. Moreover, this heteroge-
neous catalyst can be recovered with a magnetic field and
reused for several times without noticeable loss of catalytic
activity.

Keywords Heterogeneous catalyst · [3-(2 · 3
epoxypropoxy)propyl]trimethoxysilane · Magnetic
nanoparticles · Oxidation · Polyethyleneimine · Manganese
(III) acetate

1 Introduction

Catalysts that provide the best yield of the reaction in
reduced temperatures could play an important role in
green chemistry. Especially nanocatalysts can provide ben-
efits both of the homogenous and heterogeneous catalysts,
including high activity and selectivity and also stability and
ease of isolation or recovery, hence they act as a bridge
between them.

Among various nanoparticles, magnetite Fe3O4 nanopar-
ticles have attracted considerable interest because of their
superparamagnetic properties, large surface area to volume
ratio, biocompatibility, low toxicity, ease of synthesis and
simple modification [1]. Such properties make magnetite
Fe3O4 nanoparticles, good candidates for various applica-
tions, including catalysis [2–5], environmental remediation
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Fig. 1 a Schematic
representation of the formation
of Fe3O4@PEI.Mn, PEPA:
polyethylenimine, EPO: [3-(2,3-
epoxypropoxy)propyl]trimethoxysilane;
b Mn+2 adsorption inside the
shell of Fe3O4@PEI

[6–8], magnetic resonance imaging (MRI) [9, 10], magneto-
thermal therapy [11], magnetic ferro fluids [12], protein
purification [13] and drug delivery [14–16].

Recent reports show that application of magnetic
nanoparticles as nanocatalysts has attracted much attention
because of their advantages such as high catalytic activ-
ity, catalyst recovery, higher stability, and easy handling
[17–22].

Fig. 2 FTIR spectra of the prepared a Fe3O4, b Fe3O4@PEI

The literature has proposed the synthesis of magnetic
nanoparticles with distinct magnetic properties with several
methods [23, 24].

Normally, in order to protect and stabilize the magnetic
core, as well as retain its magnetic properties, the magnetic
core is coated with silica or various polymers [25–27].

Polyethylenimine (PEI) is a cationic polymer with high
density of amine functional groups in each polymer chain
that possesses a number of advantages, including good

Fig. 3 TGA analysis of Fe3O4 and Fe3O4@PEI
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Fig. 4 a SEM and b TEM
images of Fe3O4; c SEM and
TEM d images of Fe3O4@PEI

water solubility, high content of functional groups, suitable
molecular weight, as well as good physical and chemical
stabilities [28, 29].

There are several reports about the role of PEI as a shell
structure for magnetite nanoparticles [30–32]. Nevertheless,
only a few reports could be found about the application of
PEI as a catalyst [33–35].

Catalytic oxidation of alkenes is a highly signifi-
cant chemical reaction in organic synthesis and industrial
processes because of the wide usages of epoxides in phar-
maceutical industries and as synthetic intermediates in
chemical industries [36–38]. Currently, some metal cata-
lysts, such as ruthenium, vanadium, gallium, cobalt, molyb-
denum and manganese are used for epoxidation of alkenes
[39, 40] in the presence of H2O2 as an oxidant [41–47].
Hydrogen peroxide (H2O2) is a very important oxidant for
its environmental cleanness.

This research focuses on preparing a new heterogeneous
catalyst via the surface modification of Fe3O4 nanopar-
ticles with [3-(2,3 epoxypropoxy)propyl]trimethoxysilane
and PEI and the adsorption of manganese acetate on
Fe3O4@PEI (Fe3O4@PEI.Mn). This catalyst was applied
successfully in the epoxidation of cyclohexene, ethyl
benzene and toluene in the presence of aqueous H2O2

(30 %) as an oxidant and it shows high reactivity and
selectivity.

2 Results and Discussion

2.1 Preparation of Fe3O4@PEI.Mn

In Fig. 1, a schematic representation of the synthesis of
Fe3O4@PEI.Mn nanoparticles is shown. Interference of
silanol groups of EPO with the OH groups of Fe3O4, causes
the PEI grafting onto the Fe3O4.

Fig. 5 XRD spectra of the Fe3O4 and Fe3O4@PEI
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Fig. 6 a Magnetization of
Fe3O4 and Fe3O4@PEI. b HDs
sizes of Fe3O4 and c
Fe3O4@PEI

2.2 Characterization of Fe3O4@PEI and
Fe3O4@PEI.Mn

The results of FTIR spectroscopy of the Fe3O4 and
Fe3O4@PEI are shown in Fig. 2a and b, respectively. The
characteristic absorption peak of Fe3O4 at 576 cm−1, is
shown in Fig. 2a. Figure 2b shows the major peaks for
Fe3O4@PEI as follows: 1110–1000 cm−1 (vibration of the
Si–O–H and Si–O–Si groups), 584 cm−1 (Fe-O stretching
vibration), 2924 and 2831 cm−1 (C-H stretching vibration),
3415 cm−1 (surface-adsorbed water and N-H stretching
vibration) and 1457 and 1581 cm−1 (C-N stretching vibra-
tion).

The TGA analyses of Fe3O4 and Fe3O4@PEI nanopar-
ticles were carried out over the temperature range of 100
to 800 ◦C under nitrogen flow and the results are shown
in Fig. 3. Figure 3a shows that the weight-loss (4.0 wt%)
of iron oxide nanoparticles (Fe3O4) in the range of 100 ◦C

to 280 ◦C, is related to the vaporization of physically and
chemically absorbed water. In comparison with Fe3O4, the

Fig. 7 EDAX spectrum of Fe3O4@PEI.Mn catalyst
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Table 1 Catalytic activity of (Fe3O4@PEI.Mn) on cyclohexene oxidation

Entry [H2O2]:[C6H10] NaHCO3 Conversionb % Selectivity %

(molar ratio) [mmol] A B C

1 4:1 0 3 73 27 –

2c 4:1 0.5 48 76 24 –

3 6:1 0.5 65 41 43 16

4d 8:1 0.5 100 23 31 46

aReaction conditions: catalyst (Fe3O4@PEI.Mn) 10 mg; reaction temperature, 60 ◦C; Cyclohexene, 1 mmol; acetonitrile, 2 ml; reaction time, 4 h;
bConversions are based on the starting substrate;
cNaHCO3 (non);
dNaHCO3 0.5 mmol

TGA curve of Fe3O4@PEI shows a major decomposition
in the temperature range from 400 to 600 ◦C which indi-
cates the surface grafting of Fe3O4 by EPO and PEPA in
Fe3O4@PEI. The weight loss of EPO and PEPA grafted
Fe3O4 is 43.1 % (Fig. 3b). The TGA analysis suggests that
a moderate degree of PEI modification from the surface of
the Fe3O4 was successfully achieved.

The SEM and TEM images (Fig. 4) show that the Fe3O4

and Fe3O4@PEI nanoparticles have approximately spheri-
cal shapes and they have average diameters of about 10 and
20 nm respectively.

The X-ray diffraction patterns of Fe3O4 and Fe3O4@PEI
are shown in Fig. 5. The six characteristic peaks at 2θ val-
ues of 30.1, 35.4, 43.1, 53.6, 57.1 and 62.7◦ can be indexed
as the diffractions of (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1
1) and (4 4 0), respectively. They are similar to the previ-
ously reported data for pure Fe3O4 nanoparticles with spinel

structure [49]. The results indicate that the crystal structure
of Fe3O4 is not changed after modification with PEI.

The magnetic properties of the Fe3O4 and Fe3O4@PEI
were studied by a VSM at room temperature (Fig. 6a).
The specific saturation magnetization (σs) for Fe3O4

and Fe3O4@PEI is 46.4 emu/g and 33.8 emu/g, respec-
tively. Although the presence of PEI weakens the σs of
Fe3O4@PEI, it is still strong enough. The results were also
confirmed by the TGA curves. The hydrodynamic diameters
of Fe3O4 and Fe3O4@PEI nanoparticles are in the range of
30–65 nm (Fig. 6b) and 40–100 nm (Fig. 6c), respectively.
The hydrodynamic diameter of Fe3O4@PEI is greater than
for Fe3O4. It may result from the higher positively charged
surface of PEI in the aqueous dispersion of Fe3O4@PEI in
comparison with Fe3O4.

The C, N, O, Si, Fe and Mn signals can be observed
in the EDAX spectrum of the Fe3O4@PEI.Mn (Fig. 7).

Table 2 Effect of solvents on
the oxidation of cyclohexene
catalyzed by (Fe3O4@PEI.Mn)

Entry Solvent Conversiona % Selectivityb %

A B C

1 MeOH 62 41 21 38

2 CH3CN 100 23 31 46

3 EtOH 47 32 41 27

4 n-Hexane 0 – – –

Reaction conditions: catalyst (Fe3O4@PEI.Mn) 10 mg; reaction temperature, 60 ◦C; cyclohexene, 1 mmol;
solvent, 2 ml; NaHCO3 0.5 mmol; H2O2 6 mmol; reaction time, 4 h;
aConversions are based on the starting substrate;
bReaction products (A,B and C) are the same as those in Table 1
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Table 3 Effect of temperature
on the oxidation of cyclohexene
catalyzed by (Fe3O4@PEI.Mn)

Entry Temperature ◦C Conversiona % Selectivityb %

A B C

1 40 53 53 41 6
2 60 100 23 31 46
3 80 95 14 25 64

Reaction conditions: catalyst (Fe3O4@PEI.Mn) 10 mg; reaction temperature, 60 ◦C; cyclohexene, 1 mmol;
solvent (CH3CN), 2 mL; NaHCO3 0.5 mmol; H2O2 6 mmol; reaction time, 4 h;
aConversions are based on the starting substrate;
bReaction products (A, B and C) are the same as those in Table 1

These elements are known as the principal elements of the
Fe3O4@PEI.Mn catalyst.

2.3 Catalytic Activity

The results of control experiments showed that the presence
of the catalyst and the oxidant were essential to the oxida-
tion process. The oxidation reaction of cyclohexene did not
occur in the absence of H2O2, whereas the oxidation reaction
without the catalyst continued only up to 6 % after 24 h [50].

When H2O2 is used as the sole oxidant, catalytic effi-
ciency of H2O2 is rather poor in the presence of cata-
lyst. On the other hand, the cyclohexene oxidation using
catalyst/H2O2 increased from 1 % to 16 % at 4 h with the
addition of a co-catalyst (NaHCO3). This result is related
to the poor leaving trend of the hydroxide ion. However,
in the presence of sodium bicarbonate, H2O2 reacts with
bicarbonate in an equilibrium process to produce perox-
ymonocarbonate (HCO−

4 ), which HCO−
4 is a more active

nucleophile than H2O2 and causes an increase in the rate of

the oxidation reaction [51]. When more hydrogen peroxide
was used, the conversion increased (Table 1).

To explore the effect of solvent on the reaction, different
solvents were used in the same epoxidation reactions and
it was observed that the nature of the solvent has a marked
effect (Table 2). The highest conversion was observed when
the reaction was performed in acetonitrile. The difference is
explained by the ready miscibility of acetonitrile with water
whereas n-hexane is immiscible.

Temperature also was an important factor in the epox-
idation reaction, especially in the range of 40 to 60 ◦C
(Table 3), so that when the temperature was elevated from
40 to 60 ◦C, the conversion increased from 53 % to 100 %
but when the temperature increased to 80 ◦C, the conversion
decreased to 95 %. It seems likely that higher tempera-
tures facilitate the decomposition of H2O2. As an alternative
possibility, at higher temperature, the pH of the reac-
tion increases, because a part of NaHCO3 is converted to
Na2CO3 and facilitates the higher decomposition of H2O2

[52]. This will lead to the reduction of yield (Table 3, entry 3).

Table 4 Effect of oxidant/substrate molar ratio on ethyl benzene oxidation by Fe3O4@PEI.Mn

Entry [H2O2]:[ ethylbenzene] Convesionb % Selectivity %

(molar ratio) A B C

1 4:1 14 100 – –
2 6:1 35 92 6 2
3 8:1 54 81 12 7
4 10:1 50 75 6 19

aReaction conditions: catalyst (Fe3O4@PEI.Mn) 10 mg; reaction temperature, 60 ◦C; ethylbenzene, 1 mmol; solvent (CH3CN), 2 ml; NaHCO3
0.5 mmol; H2O2; reaction time, 4 h;
bConversions are based on the starting substrate
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Table 5 Effect of temperature
on ethyl benzene oxidation by
Fe3O4@PEI.Mn

Entry Temp ◦C Convesiona % Selectivityb %

A B C

1 40 32 100 – –

2 60 56 81 12 7

3 80 41 71 6 23

Reaction conditions: catalyst (Fe3O4@PEI.Mn) 10 mg; ethylbenzene, 1 mmol; solvent (CH3CN), 2 ml;
NaHCO3 0.5 mmol; H2O2 6 mmol; reaction time, 4 h;
aConversions are based on the starting substrate;
bReaction products (A,B and C) are the same as those in Table 4

In order to establish the scope of the activity of
(Fe3O4@PEI.Mn), the oxidation reactions of toluene and
ethyl benzene were also studied, as shown in Table 4.
The influence of various reaction parameters such as H2O2

concentration (mole of H2O2 per mole of ethyl benzene)
and temperature were examined to achieve suitable reac-
tion conditions for maximum transformation of ethyl ben-
zene as well as better selectivity for the formation of
acetophenone. The effect of H2O2 concentration on the
ethyl benzene oxidation reaction is presented in Table 4.
Acetophenone was formed as the major product, while ben-
zaldehyde and benzoic acid were generated as the other
products. Therefore, only the side-chain oxidation was
observed.

Four different molar ratios of H2O2 to ethylbenzene were
used (4:1, 6:1, 8:1, and 10:1 mol) in which the amount of
ethylbenzene was kept fixed at 1 mmol in 2 ml of MeCN.
When the H2O2 to ethylbenzene ratio was increased until
the ratio is equal to 8, the conversion of ethylbenzene
increased. The catalytic oxidation with 8 mmol of H2O2 in
4 h gave 34 % conversion with good selectivity to acetophe-
none (81 %), (Table 4, entry 3). But in higher ratio than 10:1,
the excess amount of H2O2 caused the low selectivity to
acetophenone (73 %), (Table 4, entry 4). The ethyl benzene
conversion and selectivity for acetophenone were decreased
when the molar ratio increased up to 4:1. In the presence
of an excess amount of H2O2, the decrease in the selec-
tivity of acetophenone is due to further oxidation of ethyl
benzene.

In addition, the conversion of ethylbenzene and the ace-
tophenone selectivity strongly depended on the temperature
in the range of 40 ◦C to 80 ◦C. When the reaction tem-
perature increased from 40 ◦C to 60 ◦C, The conversion of
ethyl benzene also increased (Table 5, Entries 1–2). Gen-
erally, by increasing the reaction temperature and time, the
conversions grew higher (54 %) and also the reaction selec-
tivity to acetophenone increased (81 %), while the selec-
tivity to benzaldehyde and benzoic acid decreased. Thus,

temperature increasing was an effective factor for this oxi-
dation reaction because at low temperature the energy was
not sufficient for the activation of H2O2 or the catalytic cir-
culation. But the conversion was slightly decreased beyond
60 ◦C (Table 5, Entry 3). This was possibly caused by
acceleration of H2O2 decomposition at higher temperature.
Also at higher temperature, the selectivity to acetophe-
none as a main product of ethyl benzene oxidation rapidly
declined, while with the temperature rise, the selectivity
to other products such as benzaldehyde and benzoic acid
increased. As the temperature rose, the acetophenone con-
sumption led to an increase in the amount of benzoic acid
[53].

Finally, the oxidation of toluene was studied under the
optimized conditions for ethyl benzene oxidation. The oxi-
dation occurs on the side chain of the toluene and resulted
in 31 % conversion of toluene with 84 % selectivity for
benzaldehyde and 16 % for benzyl alcohol.

In this work, the catalyst and applied method have some
advantages such as heterogeneous nature, high reusability,
high conversions and selectivity of the catalyst. In addi-
tion, the heterogeneous catalyst was easily separated from
the reaction mixture and reused at least five times without
noticeable loss of activity.

3 Conclusions

Fe3O4@PEI.Mn as a silicon-containing catalyst was pre-
pared and characterized and then applied as a catalyst for the
oxidation of cyclohexene, ethyl benzene and toluene with
30 % aqueous H2O2 as an oxidant. The catalytic activity and
selectivity of the Fe3O4@PEI.Mn was investigated and the
influences of various parameters such as kinds of solvents,
oxidant amount, catalyst reusability and temperature have
been studied. The results show that the Fe3O4@PEI.Mn
catalyst is an efficient and robust catalyst, which could be
reused for five times without significant loss of activity.
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4 Experimental

4.1 Material and Methods

Ferric chloride (FeCl3·6H2O), ferrous chloride
(FeCl2·4H2O), ammonia, toluene, ethanol, [3-(2,3-
epoxypropoxy)propyl]trimethoxysilane (EPO) and polyethylene
polyamine (PEPA, MW= 60,000), were obtained from
the Sigma–Aldrich Chemical Company. Other reagents
like manganese acetate were purchased from the Merck
Chemical Company (Darmstadt, Germany).

4.2 Characterization

FTIR spectra were recorded on Nicolet FT-IR Magna 550
spectrographs with a KBr pellet. X-ray diffraction measure-
ments (XRD) were performed on an XPert MPD advanced
diffractometer (Cu (Kα) radiation, λ: 1.5406 Å). Thermo-
gravimetric analysis (TGA, Q50) was performed by heating
the sample from room temperature to 800 ◦C under argon
flow at a heating ramp of 10 ◦C min−1. The morphology
of magnetic nanoparticles was investigated with a scanning
electron microscope (VEGAII TESCAN) and transmis-
sion electron microscope (TEM, EM208 Philips Company).
Magnetic properties of the samples were recorded on a
vibrating sample magnetometer (VSM, Meghnatis Kavir
Kashan Co, Kashan, Iran) at 25 ◦C. EDAX analysis was
recorded by using a Rontec (Germany) electron microscope.

4.3 Preparation of Fe3O4 Nanoparticles

The chemical co-precipitation method was used for prepa-
ration of magnetic Fe3O4 [48]. 1.85 mmol of FeCl2.4H2O
and 3.7 mmol of FeCl3.6H2O were dissolved into 200 ml
deionized water at room temperature under vigorous stirring
and protected under nitrogen gas. Then 10 ml of ammonium
hydroxide (25 %) was dropped into the reaction solution.
The mixture was heated to 80 ◦C for 2 h, and then cooled to
room temperature. The products were separated from solu-
tion by a magnet and rinsed several times with deionized
water and ethanol. Finally, the nanoparticles were dried at
80 ◦C in a vacuum oven.

4.4 Preparation of Fe3O4@PEI and Fe3O4@PEI.Mn
Nanocomplex

1.5 g of PEPA was dissolved in 200 ml toluene
under ultrasonication, then 0.5 ml of [3-(2,3
epoxypropoxy)propyl]trimethoxysilane was added drop-
wise under stirring at room temperature. The reaction
mixture was heated at 100 ◦C for 24 h under nitrogen
atmosphere. After that 2 g Fe3O4 was added to the reac-
tion mixture and refluxed at 100 ◦C for 24 h. The Fe3O4

nanoparticles grafted with PEI (Fe3O4@PEI) were sep-
arated by an external magnet, followed by washing with
ethanol three times to replace toluene and drying at 100 ◦C
in vacuum for 24 h. Fe3O4@PEI was mixed with man-
ganese acetate as follow: 600 mg manganese (II) acetate
was dissolved in 10 ml dry acetonitrile by stirring for
10 min. Then, 800 mg Fe3O4@PEI was added to the mix-
ture, sonicated for 30 min and stirred at room temperature
for 48 h. Finally, Fe3O4@PEI.Mn was purified by an exter-
nal magnet, washed with ethanol three times, and dried
under vacuum for 24 h at 70 ◦C.

4.5 General Oxidation Procedure

The oxidation of the substrates (cyclohexene, ethyl benzene
and toluene) with hydrogen peroxide was carried out in an
oil bath in a 25 ml round-bottom flask. In a typical reaction
procedure, the substrate (1.0 mmol) along with the solvent
(2.0 ml), catalyst (10 mg) and NaHCO3 as co-catalyst were
stirred at 60 ◦C, then the hydrogen peroxide was added. At
suitable intervals, aliquots were removed and the reaction
products were monitored by gas chromatography by com-
paring their retention times with those of authentic samples.
Yields are based on the added substrate and were deter-
mined using a calibration curve. Finally, the catalyst was
separated by a magnet.
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