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ABSTRACT

The preparation and application of novel nanocatalysts for oxidation reaction via a simple, effective, green method remains a
challenge; thus, in this study, a facile and eco-friendly approach is suggested to fabricate pomegranate peel extract (PPE)
functionalized on silicate-coated FesO4 nanoparticles (FesO4@SiO,-PPE). The physicochemical characteristics of the magnetic
Fes04@Si0O,-PPE nanocomposite were evaluated using Fourier-transform infrared spectroscopy (FT-IR), X-ray diffraction
(XRD), scanning electron microscopy (SEM), and transmission electron microscopy (TEM) techniques. SEM images showed
well-distributed nanoparticles in shape and size with a mean diameter of 42 nm. FT-IR and TEM images proved appropriate
functionalization with pomegranate peel extract. The FesO.@SiO,-PPE nanocatalyst was found to be useful in the selective
oxidation of benzyl alcohols to the relevant aldehydes/ketones without significant over oxidation and with good-to-excellent
(about 95%) yields under solvent-free conditions at room temperature. The results revealed that the prepared catalyst was easily
recovered and reused for five consecutive oxidation cycles without losing selectivity towards desired products in the benzyl
alcohol oxidation.
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1. Introduction Thus far, numerous noble metal-based catalysts such as

The catalytic oxidation of alcohols to their gold, palladium, and platinum have been used, showing

corresponding carbonyl compounds is a vital reaction excellent selectivity in these transformations [8-12].
for both scientific research and industries [1-3]. The use of these noble metal-based catalysts has been
Generally, the selective oxidation of alcohols to ketones  limited due to the high price, unavailability on a large
or aldehydes without any unwanted byproducts is scale, and msufﬂmen_cy of resources [13-14]. _Hence,
significant for the synthesis of various precious there has been a growing demand for cost-effective and

chemicals such as pharmaceuticals and the development ~ €co-friendly catalysts with suitable selectivity towards
of environment-friendly energy resources [4-7]. the desired compounds. In recent years, transition metal-

Over the past decades, great efforts have been made o~ Pased catalysts (Co, Mn, Mo, Fe, Cu, etc.) have attracted

fabricate and develop beneficial catalysts for such considerable attention for the selective oxidation of
Processes. alcohols [15-19]. Ghasempour and coworkers

*Corresponding author: synthesized and characterized a novel Fe trimer (FesO)
E-mail address: behnazziyadi@yahoo.com (H. Ziyadi) based MOF (Fe-MOF) that promotes benzyl alcohol
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oxidation  with  excellent toward

benzaldehyde [20].

In comparison to noble metal-based catalysts, the lower
selectivity and reactivity of first-row transition metal-
based catalysts results in their limited application [21].
Additionally, there are still various challenges such as
the employment of toxic and hazardous oxidant agents
to enhance the reactivity in reactions and some
disadvantages such as uneconomical operational prices,
generation of unsafe wastes, and unwanted byproducts.

selectivity

Some outstanding alternatives for the above-mentioned
concerns include using green oxidants such as air,
hydrogen peroxide (H:02), molecular oxygen and
carbon dioxide to provide moderate reaction conditions
for the environmentally benign oxidation of alcohols
[19, 22-25]. For instance, Meng et.al used decacarbonyl
dimanganese Mny(CO);o as a catalyst to aerobic
oxidation of alcohols with air [24]. Cu doped SrTiO;
was synthesized and was investigated as the
photocatalyst for selective alcohol oxidation under mild
conditions [19]. Moreover, Wang et.al showed that a
pure inorganic ligand-supported chromium compound
((NH4)3[CrMogO15(OH)¢]) could be used to effectively
promote this type of reaction in the presence of CO;
[25]. Nevertheless, most of these liquid-phase oxidation
processes were performed in different toxic organic
solvents such as acetonitrile, dimethyl sulfoxide, or
toluene, which is not in line with the green chemistry.
Therefore, designing and  fabricating  novel
heterogeneous nanocatalysts for the green, selective
oxidation of alcohols is of high significance in both
green and organic chemistry.

Recently, the design and synthesis of magnetic bio-
nanocatalysts based on biocompatible and natural
compounds have captured researchers’ attention in the
field of green chemistry [26-27]. Magnetic
nanoparticles (MNPs) have received great attention in a
wide range of applications such as biomedical
applications, magnetic resonance imaging (MRI),
environmental ~ remediation  bio-separation, and
especially heterogeneous catalysis because of their low
toxicity, high catalytic activity, moisture and air
tolerance, ease of separation, recyclability, low
corrosion, and environmental (eco-friendly) concepts
[28-31]. Of different the kinds of MNPs, magnetic
FesOs NPs is widely employed in the structure of
Fenton-like heterogeneous catalysts for oxidation
reaction [32-35].

Tending to agglomerate, the modification of the
magnetic core is critical for protection in the case of
oxidation and particle agglomeration. Consequently, the
convenient surface modification of iron oxide NPs
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(IONPs) is required to make resistant, biocompatible,
less toxic, thermal and mechanical resistance [36].
Various  polymers, carbon materials, natural
compounds, and silica are suitable for fabricating
biocompatible magnetic composites. Silica is one of the
most widely employed reagents for modifying the
surface of IONPs [37, 38]. Silica coating not only
suppresses the aggregation of IONPs but also enhances
their mechanical and chemical stability, providing a new
substrate for further functionalization. By so doing, it
makes them a promising candidate in the catalysis field.
Kannappan et. al synthesized polyamine dendrimer
stabilized gold nanoparticles with core of Fe;0.@SiO-
by a difficult modification method and this was
employed as the green catalyst for the selective
oxidation of benzyl alcohol to aldehyde in presence of
oxygen and toluene as oxidant and solvent respectively
[39]. The additional functionalization of IONPs with
biomolecules and plant extract, as an easy process, has
numerous advantages from a green chemistry point of
view. Moreover, bio-functionalization could improve
surface properties of IONPs by inserting compounds
with catalytic properties, such as oxidizing agents, in
plant extracts.

Punica Granatum peel or pomegranate peel is a novel
source of bioactive secondary metabolites with many
biological activities such as antioxidant and anti-cancer
properties [40-42]. Punica Granatum peel is a rich
source of various types of flavonoids, anthocyanins, and
tannins used as stabilizing and capping reagents in the
green synthesis of several metals and metal oxide NPs
[43-46]. Due to being a rich source of hydroxyl and
phenolic groups, the application of pomegranate peel
extract makes it a promising and efficient green catalyst
for the oxidation reaction of benzyl alcohols.

Given the above-mentioned arguments, in this study, we
report a cost-effective and facile approach for the
preparation of a novel nanocatalyst based on
pomegranate peel extract modified by silica-coated
FesOs NPs (Fes0.@SiO,-PPE) for the selective
oxidation of benzyl alcohols to corresponding carbonyl
compounds. Furthermore, the proposed nanocatalys can
be magnetically separated from the reaction medium
and reused several times without producing hazardous
wastes.

2. Experimental
2.1.Materials and instrumentation

Pomegranate fruits were purchased from the local
market. All other chemicals and materials were obtained
from Merck Company and used without any further
purification processes. All the organic products were


https://service.elsevier.com/app/answers/detail/a_id/22799/supporthub/sciencedirect/
https://service.elsevier.com/app/answers/detail/a_id/22799/supporthub/sciencedirect/

S.  Iranfar et al. /Iran. J. Catal. 11(4), 2021, 347-354

known compounds characterized by IR, Mass, 1H NMR
spectroscopic data and compared with those reported in
the literature [16-19]. The Fourier transform infrared
spectra were obtained over the region of 400-4000 cm’
! with a Perkin Elmer Spectrum two FT-IR and
spectroscopic grade KBr. The transmission electron
microscopy (TEM) images of magnetic Fe;0.@SiO--
PPE nanocatalyst were also recorded applying a Zeiss-
EM10C transmission microscope. SEM images were
observed using SEM (Philips XL 30 and S-4160) with a
gold coating. The graph of the distribution of
nanoparticles was drawn by measurement and Origin
8.6 software based on 20 nanoparticles at random in the
SEM image. Powder XRD spectrum was recorded at

room temperature by a Philips X’pert 1710
diffractometer using Co Ko(a = 1.54056 A) in Bragg-
Brentano geometry (0-20) to investigate the

crystallographic phase and purity of the prepared
magnetic nanocatalyst.

2.2.Preparation of pomegranate peel extract (PPE)

Fresh pomegranate peels were collected and rinsed with
deionized water; they were then cut into small pieces.
Next, 10 g of pomegranate peels was heated with 100
ml deionized water at 60 °C for 1 h and then cooled at
room temperature. The obtained mixture was filtered
with a filter paper, and the final extract was collected
and stored at 4 °C for subsequent experiments.

2.3.Magnetic iron oxide preparation

FesOs NPs were first synthesized by the chemical co-
precipitation approach reported by Sun et. al. [47].
Accordingly, a solution of 20 mmol FeCl; and 20 mmol
FeCl;.6H20 in 40 mL deionized water was initially
prepared by mechanical stirring. To stir the solution
vigorously, 10 mL NH; was added drop wise until the
pH reached 12, and a black participate was produced
subsequently. Next, the mixture was refluxed at 150 °C
for 1 hour. Afterward, 80 mL ethanol and 20 mL TEOS
were carefully introduced to the solution and then stirred
at 40 °C for 24 hours. Finally, the fabricated
Fe;0.@Si0, nanoparticles were separated magnetically
and washed one time with diethyl ether and washed
three times with water and ethanol solution (1:1 V/V).
The as-prepared FesO4@SiO; nanoparticles were
vacuum-dried at 100 °C for 24 hours.

2.4.Preparation of Fe;0,@SiO- nanoparticles modified
with pomegranate peel extract (Fes0.@SiO2-PPE)

First, 2 g of the obtained Fe;0.@SiO, nanoparticles
were added into pomegranate peel agueous extract (50
mL) and stirred for 1 hour at 50 °C. Next, the obtained
suspension was stirred at room temperature for 24 hours

to form a paste-shaped material. Afterward, the prepared
sample was oven-dried at 50 °C for 3 hours.

2.5.General
alcohols

The catalytic performance of the Fe;0.@SiO.-PPE
nanocatalyst was investigated in selective oxidation of
different alcohols. Alcohol (1 mmol) and 10 mg of
Fes0,@SiO,-PPE were added to a round-bottom, two-
necked flask under reflux and solvent-free conditions.
Then, H20, (30%) was added slowly, and the mixture
was stirred for 10 min. Then, the reaction mixture was
cooled at room temperature and stirred for 2 h. Finally,
the magnetic nanocatalyst was recovered by a small
magnet. The progress of the alcohol oxidation reaction
was evaluated by thin-layer chromatography (TLC).
Finally, the structural characteristics of the obtained
products were characterized by FT-IR, 'H NMR, and
MASS spectrometry analyses.

procedure for catalytic oxidation of

3. Results and Discussion

3.1.Fes0.@SiO-PPE nanocatalyst preparation and
characterization

The main aim of this study was to design and develop a
novel magnetically separable nanocatalyst based on a
further surface  modification of Fe304@SiO;
nanoparticles with pomegranate peel extract [48]. To
characterize the functional groups of the synthesized
samples, FT-IR spectra of pomegranate peel extract,
FesO.@SiO, nanoparticles, and Fe;04@SiO2-PPE are
presented in Fig. 1. A sharp peak at 3400 cm™ shows the
vibrations of the hydroxyl group of flavonoids and
phenolic compounds present in pomegranate peel
aqueous extract as well as a silica coating.
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Fig. 1 FT-IR spectra of (a) pomegranate peel extract (b)
Fes0.@SiO; and (¢) Fes04@SiO,-PPE NP
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According to Fig. 1 (a), the absorption bands appeared
at 3400 and 1610 cm™, corresponding to the O-H
stretching and bending vibrations of phenolic and
flavonoid secondary metabolites in Punica Granatum
extract. As depicted in Fig. 1 (b), two absorption bands
at 479 and 629 cm* were attributed to the Fe-O bond in
magnetic iron oxide nanoparticles [49]. The observed
absorption bands at 950 and 1080 cm™ are the important
characteristics of the Si-OH and Si-O-Si bond
respectively in silica-coated magnetic nanoparticles
[42]. FT-IR analyses propose that the pomegranate peel
extract functionalized successfully on the Fe;0.@SiO,
nanoparticles. The appearance of the new band at 1380
cm™ of Fig. 1 (c) can be attributed to C-O stretching
vibration, related to the involvement of C-O groups of
biomolecules of PPE extract in the synthesis of
Fes0.@Si0,-PPE nanoparticles. It is suggested that the
pomegranate peel extract (PPE) bonds interact with
Fes04@SiO- via hydrogen bonding. FT-IR spectra show
that the bonding density of Si-OH at 950 cm™ for
Fes0.,@SiO0; shifted to a lower frequency at 803 cm™ for
Fe;s0.@SiO—PPE  demonstrating the interaction
between extract and the nanoparticles. Also it should be
noted that a small amount of explanation and frequency
shifts in OH peak at 3400 cm™ was observed.

Figs. 2 (a) and (b) represent the X-ray diffraction
(XRD) patterns of Fe;04@SiO; and Fe;0.@SiO-PPE
magnetic nanoparticles, respectively. As observed in
Fig. 2 (a), the peaks at 20 30.36°, 36.08°, 43.57°, 53.43",
57.61°and 63.01°can be related to (220), (311), (422),
(400), (511) and (540) Bragg reflections, respectively,
which accorded well with the standard cubic spinel
structure of FesO, (reference JCPDS cad no. 19-629)
[47]. Furthermore, additional peaks appeared at
diffraction angles at 20 10-20°, corresponding to the
amorphous phase of SiO,. The XRD pattern of
Fe;0.@Si0,-PPE nanoparticles, Fig. 2 (b), displayed
that introduction of pomegranate peel extract could not
affect the crystalline structure of Fe;0.@SiO; NPs,
which indicates the successful surface modification of
magnetic NPs.

Count
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Position [*2Theta]

Fig. 2 XRD pattern of (2) Fes04@SiO2 NPs (b) Fes0.@SiO--
PPE NPs

The surface morphology and shape of the samples and
the histogram of size distribution were studied using
SEM images (Fig. 3). Fig. 3 (a) shows the semi-
spherical shape and well-distributed size of
Fes0,@SiO»-PPE NPs with some agglomeration. The
observed agglomeration is due to the presence of
pomegranate peel extract metabolites on the NPs surface
and the formation of hydrogen bonds. The histogram of
size distribution of nanoparticles depicts particles’ size,
Fig. 3 (b) in the range of 21 to 61 nm with a mean
diameter of 42 nm. The amount and chemical
compositions of the prepared sample were identified
using EDX analysis. Fig. 3 (c) shows the EDX spectrum
of the catalyst and the chemical structure of
Fe;04@SiO,-PPE consisting of Fe, O, Si, carbon, and
nitrogen elements. Silica coating was approved by the
existence of Si in EDX analysis. Yet, the presence of
carbon and nitrogen shows that the surface of
nanoparticles is coated by biomolecules of pomegranate
peel extract.

In addition, the morphology and size distributions of
FesO4@SiO, nanoparticles modified with pomegranate
peel extract were further studied using transmission
electron microscopy (TEM). Fig. 4 depicts that the
particles are spherical in shape and uniformly dispersed.
Modification with pomegranate peel extract can be
approved with the existence of two Fes0.@SiO; organic
and inorganic phases in the TEM image.

3.2.Catalytic activity of Fe;0.@SiO.-PPE magnetic
nanocatalyst in the selective oxidation of benzyl alcohol

To investigate the catalytic activity of the magnetic
FesO4@SiO,-PPE nanocatalyst, the oxidation of benzyl
alcohol was selected as a model reaction (Scheme 1). In
the common catalysis, benzyl alcohol was transformed
into benzaldehyde in the presence of H.O2, and the
catalytic procedure conditions were optimized; the
obtained results are presented in Table 1. In line with
green chemistry goals, the catalytic oxidation of benzyl
alcohol was performed under solvent-free conditions.
For optimizing the reaction condition, the effects of
different variables such as catalyst amount, H.O-
amount and time duration were measured (Table 1).

In the next step, the catalytic oxidation of benzyl alcohol
was carried out at various reaction conditions such as
temperature. It can be seen that an increase in reaction
temperature from 25 °C (room temp) to 75°C decreased
the product yield. Of note, lower selectivity and yield
were obtained when the catalytic oxidation reaction was
performed at a higher temperature. The effect of other
factors such as time of reaction, amount of catalyst, and
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H,O,were also studied (Table 1). According to Table 1
(entry 1), the best benzaldehyde yield (95 %) was
obtained after 2 h in aqueous reaction medium. The
amount of magnetic Fes0.s@SiO2-PPE nanocatalyst
plays a vital role in catalytic benzyl alcohol conversion.
Interestingly, the use of 20 mg Fe;0.@SiO,-PPE as a
novel nanocatalyst considerably increased the yield to
92% (Tablel, entry 9). The effect and importance of the
catalyst role was observed when the oxidation reaction
exhibited low yields in

150 nm Mag=35970 KX  DayPetronic Company W

Fig. 4 TEM image of Fe;0,@SiO,-PPE NPs

OH /0
< H;O; L L

200 nm EHT » 1000 kV Signal A = SE2 Date :6 Jan 2020 ZFISS _—
— WD+ 59 mm Mag= 2000KX  UserText FESD;;@SiOJ—PPE

2.0 (b‘}

. Scheme 1 Oxidation of benzyl alcohol in presence of

Fe304@SiO2-PPE nanocatalyst

20
*g' Table 1 Optimization of oxidation reaction of benzyl
g 9 alcohol in presence of Fes0,@SiO,-PPE NP

e Entry  Catalyst Time Oxidant Yield

o amount amount
' § § § § § § (mg) (h) (mmol) (%)

nm 1 - 6 1 20
20
2 B spectrum3 () 2 - 24 1 62
15-] 3 10 1 0.5 30
2 ] 4 10 2 0.5 53
§ 10—
] 5 10 6 0.5 90
o 6 10 1 1 84
3 7 10 2 1 90
3 8 20 1 1 92
0 2 4 6 8
keV
9 20 2 1 95

Fig. 3 (a) SEM micrograph and (b) EDX spectrum of
Fes04@SiO2-PPE NPs
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the absence of Fes04@SiO2-PPE (Table 1, entryl,
20%). Furthermore, the amounts of H.O. were also
optimized. The highest yield was obtained in the
presence of 1 mmol H,0, as an effective oxidant at room
temperature for 2 h. The best results of benzyl alcohol
oxidation were obtained using 20 mg of Fe;0.@SiO»-
PPE nanocatalyst, 1 mmol of H.O; as oxidant, and 1
mmol of benzyl alcohol under solvent-free conditions at
room temperature.

The results of benzyl alcohol oxidation with different
catalysts have been compared in Table 2. As can be
seen, oxidation of benzyl alcohol, in the presence of
magnetite cored polyamine dendrimer [39], Fe-based
MOF [20], Mny(CQO)i [24], and carbon hybrid
supported platinum nanoparticles (Pt@CHs) [10] were
performed in different toxic organic solvents such as
toluene and acetonitrile (Table 2, entry 2, 4, 5 and 6).
Pd  nanoparticles supported on  pyrazolone-
functionalized hollow mesoporous silica [12] catalyst
need extra amount of oxidant and also, the product had
low yield. The same result can be seen in catalytic
oxidation using Au-SiO; [8]. Generally, high yield,
small amount of oxidant and solvent free condition are
an advantage of the novel Fe;0.@SiO.-PPE nano
catalyst in catalytic benzyl alcohol oxidation.

The reusability of the catalyst was also examined. After
completing the first run of model reaction, the catalyst
was washed with CHCl, three times and then dried in a

vacuum and reused in the subsequent reaction. The
magnetic properties of the catalyst lead to an easy
separation process using a magnet. No significant loss
of catalyst activity was observed even after 5 times of
reuse (Fig. 5).

To evaluate the substrate scope, different primary and
secondary benzyl alcohols were subjected to oxidation
under optimized conditions. The obtained results are
summarized in Table 3. It seems that the electronic
effect of substituents on the aromatic ring is influential
in the yield of oxidation reaction. Surprisingly, electron-
donating groups such as methoxy or hydroxyl
benzaldehydes were obtained as high as 95% in a short
time (2 h) (Table 3, entries 3 and 4) with a very small
amount of over oxidation to corresponding carboxylic
acid. However, electron-withdrawing groups such as Cl
or NO- bearing benzyl alcohol derivatives needed more
reaction time or higher catalyst amount and this is not in
line with green chemistry guidelines. It can be seen that
the prepared nanocatalyst was able to catalyze
secondary benzyl alcohol to corresponding ketones
more efficiently with high selectivity (Table 3. entry 7-
9). Consequently, the modified pomegranates peel
extract (Fes0.@SiO, NPs) can be employed as an
effective catalyst for the selective oxidation of benzyl
alcohol derivatives to their corresponding aldehydes or
ketones.

Table 2 Comparison of different catalyst activity in benzyl alcohol oxidation reaction

Entry Catalyst Time Oxidant solvent Yield  Ref.
(h) (%)
1 FesO,@SiO,-PPE 2 H.O2(1eq)  Solvent-free 95 This
work
2 magnetite cored polyamine dendrimer 5 0O, toluene 87 [39]
(AU@PNPEDA-COOH@Fe3;04/Si0>)
3 Pt loaded Cu doped SrTiO; 6 air H.0 80.2 [19]
4 Fe-based MOF 3 TBHP CH:CN 91.9 [20]
5 Mn2(CO)1o 12 air toluene 95 [24]
6 Carbon hybrid supported platinum 3 0O, toluene 99 [10]
nanoparticles (Pt@CHs)
7 palladium nanoparticles supported on 3 0, Solvent-free 72 [11]
nitrogen-containing ordered mesoporous
carbon
8 Pd nanoparticles supported on pyrazolone- 4 H20: (3 €q) EtOH 70 [12]
functionalized hollow mesoporous silica
9 Au-SiO; 6 0, Solvent-free  68.3 [8]
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Table 3 Substrate scope of catalytic oxidation of different

aromatic alcohols

Entry  Alcohol Product Time (h)  Yield®

1 CH,OH CHO 2 95

2 ij CHO 2 92

3 <>ZOH CHO 1 95
OH

4 CH,OH CHO 2 95
OMe

5 CH,0OH CHO 3 84
cl

6 CH,OH 6 80

@ @ .

7 E E 2 79

8 ES E 2 89

9 E 5 2 83

Reaction conditions: alcohol (1 mmol), H.O, (1 mmol)

Fe;0.@SiO2-PPE (20 mg), room temperature, solvent

free.

100

1 2 3 4 5
Number of runs

Fig. 5 Reusability of Fes0.@SiO.-PPE NPs in oxidation
reaction of benzyl alcohol

4. Conclusions

Pomegranate peel extract (PPE) functionalized on
FesO,@SiO, nanocomposite (FesO.@SiO,-PPE) was
successfully prepared by easily available compounds
and methods. Analyses such as FT-IR, FE-SEM, EDX,
VSM, and BET were carried out for the exact
characterization of the prepared nanocatalyst. The
FesO,@SiO.-PPE nanocatalyst could be recycled
several times after a simple and efficient recovery from
the reaction medium via an external permanent
magnetic field wherein benzyl alcohol was transformed
to the corresponding carbonyl products. High-to-
excellent yields were obtained for all benzyl alcohol
derivatives. High selectivity, low reaction temperature,
fast reaction periods, application of green and cheap
materials in solvent-free condition, cost-effectiveness,
and easy reusability are some of the advantages of the
proposed protocol, which makes it a convenient
alternative for various benzyl alcohol derivatives,
aiming to introduce a novel plant-based catalyst to
oxidation industry.
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