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tion-assisted MnFe2O4

nanoparticles catalyzed solvent-free selective
oxidation of benzyl alcohol to benzaldehyde at
room temperature†

Babul Kalita, Saddam Iraqui, Xavy Borgohain and Md. Harunar Rashid *

Magnetic nanoparticles (NPs) play a vital role in heterogeneous catalysis because of their easy separation,

and effective recyclability. Herein, we report the synthesis of MnFe2O4 NPs for use as catalysts in the

selective oxidation of benzyl alcohol to benzaldehyde under mild conditions. The MnFe2O4 NPs have

been synthesized by precipitation method followed by hydrothermal ageing at 180 °C for 4.0 h. We have

investigated the effect of chitosan and carboxymethyl cellulose on the size or morphology of the formed

MnFe2O4 NPs. The X-ray diffraction study confirms the formation of pure and crystalline MnFe2O4 with

varying average crystallite sizes ranging from 18 to 28 nm based on the type of additive used. The

electron microscopy study reveals that the additive plays a significant role in controlling the morphology

of the formed MnFe2O4 NPs. These MnFe2O4 NPs exhibit superparamagnetic behaviour at room

temperature and can effectively catalyze the solvent-free selective oxidation of benzyl alcohol to

benzaldehyde in the presence of tert-butyl hydroperoxide at room temperature under ultrasonic

irradiation. The developed protocol can be extended to various substituted benzyl alcohols having both

the electron withdrawing and electron donating groups to afford moderate to excellent yield of the

products. The catalyst is magnetically retrievable, highly stable, and can be reused up to the sixth run

without significant loss of catalytic activity.
1. Introduction

Selective oxidation of benzyl alcohol into benzaldehyde is an
important research area as benzaldehyde is a noteworthy and
useful synthetic intermediate in the synthesis of dyes,
perfumery, agrochemicals, and pharmaceuticals.1 Traditionally,
benzaldehyde is prepared by the hydrolysis of benzal halides,2

oxidation of benzyl chloride,3,4 liquid-phase oxidation of
toluene,5,6 oxidation of styrene7,8 and the carbonylation of
benzene.9 The presence of a chlorinated product, poor selec-
tivity towards benzaldehyde, use of toxic or corrosive reagents
and harsh reaction conditions are the major drawbacks of these
processes.5,7,10 As a result, researchers adopted several pathways
over the recent years for the synthesis of benzaldehyde selec-
tively under milder conditions. Among different processes, the
selective oxidation of benzyl alcohol catalyzed by both homo-
geneous and heterogeneous catalysts is the most popular
iversity, Rono Hills, Doimukh 791 112,
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technique. Although homogeneous catalyst possesses advan-
tages such as readily accessible active sites under mild condi-
tions, and good selectivity, their isolation from the reaction
mixture for recycling, high cost and low stability are the major
scientic challenges for their industrial applications.11–13

Whereas, despite low activity heterogeneous catalysts are
preferred over homogeneous catalysts due to their environ-
mental friendliness, operational simplicity, easy synthesis, easy
separation and recyclability.14–18 Accordingly, several research
groups reported the use of heterogeneous catalysts for the
selective oxidation of benzyl alcohol using various metal-based
oxidants.19–21 However most of these catalyst-oxidant systems
failed to full the demands for large-scale production because
of the high cost, the toxicity of the oxidants and the production
of toxic byproducts. To minimize the environmental hazards
and cost, several research groups have developed heteroge-
neous catalysts based selective oxidation of benzyl alcohol using
low-toxic oxidants such as O2, tert-butyl hydroperoxide (TBHP),
H2O2, and so forth.22–26 However, most of the reported methods
required high temperatures, prolonged reaction time and
solvents which are again not benecial for technological
applications. Further, the recovery of the conventional catalyst
for reuse is a daunting task in most cases because of the loss of
the catalyst during purication by conventional ltration or
RSC Adv., 2023, 13, 30855–30868 | 30855
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Table 1 Reaction recipes for the synthesis of MnFe2O4 NPs

Sample
code Anh. FeCl3 (M)

MnCl2$4H2O
(M) NH4OH (M) Additive (wt%)

MnF-1 0.025 0.0125 0.375 Chitosan (0.1)
MnF-2 0.025 0.0125 0.375 CMC (0.1)
MnF-3 0.025 0.0125 0.375 No additive
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centrifugation methods. It was observed that the substitution of
conventional catalysts by magnetic ferrite nanoparticles (NPs)
can overtake these problems due to their easy handling and
recovery by a simple magnet for successive uses.13,14,16,24–27

Furthermore, the interesting physicochemical properties, low
toxicity, low preparation cost, and simple synthetic approach,
are some other added advantages of using such a catalyst.14,16

Accordingly, several research groups have reported the use of
ferrite-based magnetic NPs for selective oxidation of benzyl
alcohol using low-toxicity oxidants such as O2, TBHP, H2O2,
etc.22–25,28 However, the use of a high amount of catalyst, low
selectivity of benzaldehyde, high reaction time as well as
temperature are the main drawbacks in some of the reported
methods.23,24,29 So, a systematic study is required to further
simplify the existing protocols and develop an active, selective,
and recyclable catalyst that can work efficiently under solvent-
free conditions for the selective oxidation of benzyl alcohols
into corresponding benzaldehyde with high conversion.

Among the different ferrites, MnFe2O4 are widely used in
different areas such as in catalysis, pollutant remediation from
water, electrochemical, biomedical, sensors, and others due to
their excellent so magnetic properties, biocompatibility, and
outstanding chemical and structural stability.27,30–37 In addition
to the other catalytic applications, MnFe2O4 NPs have been
utilized as a catalyst in the selective oxidation of benzyl alcohol
to benzaldehyde by Jacintha et al. in 2015.28 They observed
a maximum of 87.6% conversion with 100% selectivity at 80 °C
for 10 h in presence of H2O2 as oxidant. A careful investigation
suggests that there are no more reports on MnFe2O4 NPs cata-
lyzed oxidation of benzyl alcohol to benzaldehyde. Thus, it is
highly desirable to investigate if the process for the targeted
reactions can be improved further using hydrothermally
synthesized MnFe2O4 NPs in terms of reaction time and
conversion under milder reaction conditions. Accordingly, the
objective of this study is to synthesize MnFe2O4 NPs for use as
the catalyst in the selective oxidation of benzyl alcohol into
benzaldehyde under mild conditions. Herein, we report the
synthesis of MnFe2O4 NPs via the precipitation method coupled
with hydrothermal ageing in the presence of biodegradable
polymers. We have also investigated the effect of additives on
the morphology of MnFe2O4 NPs. The catalytic activity of the as-
synthesized MnFe2O4 NPs has been investigated in the solvent-
free selective oxidation of benzyl alcohol to benzaldehyde using
TBHP as the oxidant at room temperature under ultrasonic
irradiation. We have further extended the protocol to different
substituted benzyl alcohols with both the electron-donating and
electron-withdrawing groups.

2. Experimental section
2.1 Materials and methods

Anhydrous (anh.) ferric chloride (FeCl3, $98%), manganese(II)
chloride tetrahydrate (MnCl2$4H2O, $98%), benzyl alcohol
($99%), and NH4OH (25 wt%) were purchased from Merck,
India. Chitosan (200–600 mPa s) and tert-butyl hydroperoxide
(75% in water) were purchased from TCI Chemicals, India and
Sigma-Aldrich, India respectively. The substituted benzylic,
30856 | RSC Adv., 2023, 13, 30855–30868
aliphatic, and heteroaromatic alcohols were purchased from
Sigma-Aldrich, TCI Chemicals and Alfa-Aesar, India with 97–
99% purity. All the reagents used throughout the experiments
were of analytical grade (AR). Freshly prepared aqua-regia
solution (HCl : HNO3 = 3 : 1, v/v) was used to clean all the
glassware followed by washing with detergent and rinsing
thoroughly with double distilled water and drying in an oven.
All the solutions for materials synthesis were prepared in
double-distilled water.
2.2 Synthesis of MnFe2O4 NPs

The synthesis of MnFe2O4 NPs was carried out by precipitation
method followed by hydrothermal ageing. Typically, to an
aqueous solution of chitosan (160 mg in 100 mL) taken in
a glass vessel was added under continuous stirring an aqueous
solution of FeCl3 (648.8 mg in 20 mL) and MnCl2$4H2O
(395.8 mg in 20 mL) at room temperature which was varying
from 25 to 30 °C. Aer 5 min of stirring an aqueous solution of
NH4OH (4.5 mL of 25 wt% NH4OH diluted to 20 mL) was added
dropwise to the reaction mixture and the stirring was continued
for another 10 min. Aer that, the reaction mixture was trans-
ferred into a Teon-lined autoclave of volume 200 mL and aged
the reaction mixture at 180 °C for 4.0 h followed by cooling the
reaction mixture to room temperature naturally. The product
was isolated by centrifugation at 7000 rpm (REMI CPR 24 Plus)
for 20 min. The isolated product was washed with double
distilled water several times followed by centrifugation till the
pH of the supernatant reached 7.0.

Finally, the solid product was dried in a vacuum oven at 60 °
C overnight, and the obtained product was labelled as MnF-1
(Table 1). A similar set of reactions was carried out in the
presence of carboxymethyl cellulose (CMC) keeping all other
conditions identical and the products were labelled as MnF-2
(Table 1). As a controlled experiment, another sample (MnF-3)
was also prepared without using any additives keeping all the
reaction conditions identical to the previous two samples (Table
1). All the synthesized materials were analyzed by different
characterization tools as discussed in detail in the ESI.†
2.3 General procedure for the oxidation of benzyl alcohol

A mixture of 15.0 mg of MnFe2O4 NPs (MnF-1), benzyl alcohol
(1.0 mmol), and TBHP (1.5 mmol), were taken in a 10 mL round
bottom ask and then subjected to ultrasonic irradiation at
room temperature which was varying from 25 to 30 °C. The
progress of the reaction was monitored by thin-layer chroma-
tography (TLC; Merck Germany made TLC plate with silica gel
60 coated on the aluminium sheet). Aer the completion of the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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reaction, the catalyst was recovered by using a simple bar
magnet and the reaction mixture was dissolved in a mixture of
50 mL ethyl acetate and water (1 : 1 volume ratio) solution. The
organic layer containing the crude product was then separated
by extraction in a separating funnel, washed with brine (5 mL)
solution, dried over anhydrous sodium sulphate, and then
ltered. The crude product was obtained by removing the
solvent under reduced pressure in a rotary evaporator (Buchi
RII). The crude product was then puried by column chroma-
tography using a solution of 5 vol% ethyl acetate in hexane and
silica gel 100–200 mesh as the stationary phase to get the
desired product. The puried products were identied by
melting point and further characterized by 1H NMR and 13C
{1H} NMR spectroscopy.
3. Results and discussion
3.1 X-ray diffraction studies

Fig. 1 shows the XRD pattern of different samples which exhibit
diffraction peaks at 2q = 29.7, 35.0, 36.7, 42.7, 52.8, 56.4, 61.9,
and 73.1°. These peaks correspond to (220), (311), (222), (400),
Fig. 1 XRD pattern of different samples of MnFe2O4 NPs.

Fig. 2 SEM images of the synthesized MnFe2O4 NPs: samples (a) MnF-1

© 2023 The Author(s). Published by the Royal Society of Chemistry
(422), (511), (440) and (533) planes of cubic spinel structures of
MnFe2O4 with Fd�3m space group and are well matched with the
standard data (JCPDS card no. 10-0319).27 The absence of any
peak due to impurity conrmed the formation of high-purity
single-phase crystalline MnFe2O4. The average crystallite size
as calculated using Scherer's formula is 18.0, 24.0, and 28.0 nm
for samples MnF-1, MnF-2, and MnF-3 respectively. The differ-
ences in the crystallite size might be attributed to the use of
different additives in different samples. As chitosan and CMC
have different functional groups, their presence during the
synthesis greatly affects the nucleation rate and thereby
controls crystallite size. While sample MnF-3 was prepared in
the absence of an additive where uncontrolled nucleation
results in particles of larger crystallite size. Considering the
planes (220), (311), (400), (511) and (440), the mean lattice
parameter, a of all the samples was calculated using the equa-

tion a ¼ dð ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 þ k2 þ l2
p Þ and the average value for different

samples was estimated to be 8.47 Å, which is close to the
theoretical value of 8.499 Å.
3.2 Electron microscopy analysis

To study the surface topography of the synthesized MnFe2O4

NPs, the eld emission scanning electron microscopy (FESEM)
study was undertaken. Fig. 2 shows that spherical particles of
sizes below 50 nm are formed in all the samples. However, the
exact information about the particle size could not be estab-
lished due to the overlapping of the particles in the micro-
graphs. The energy dispersive X-ray (EDX) spectra as well as the
elemental distribution were recorded from all the samples and
are presented in Fig. S1.† The EDX spectra display the peaks due
to elemental Mn, Fe and O conrming that the samples are
composed of Mn, Fe and O. The elemental ratios of Mn : Fe : O is
1 : 1.83 : 3.97, 1 : 1.76 : 3.94 and 1 : 1.93 : 4.6 for samples MnF-1,
MnF-2 and MnF-3 respectively. The elemental distribution
results of respective individual elements (Fig. S1†) in the
samples further support these ndings. It is to be noted that the
amount of O element in different samples is different which is
due to the reason that the estimation of light elements, such as
O in oxides cannot be accurately determined by direct
measurement of O peak.38
, (b) MnF-2 and (c) MnF-3.

RSC Adv., 2023, 13, 30855–30868 | 30857
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To get an idea about morphological details, the transmission
electron microscopy (TEM) study was undertaken. The TEM
image of sample MnF-1 (Fig. 3a) prepared with 0.1 wt% chitosan
reveals the formation of nearly spherical particles. The sizes of
these particles are varied from 9 to 16 nm. The high-resolution
TEM image (Fig. 3b) of an individual particle conrmed that the
particles are single crystalline with interplane space, d value of
0.5 nm corresponding to (111) plane of cubic MnFe2O4. The
selected area electron diffraction (SAED) pattern presented in
Fig. 3c indicates the polycrystalline nature of the particles which
might be attributed to the overlapping of several particles in the
TEM grid. Fig. 3d represents the TEM image of sample MnF-2
prepared in the presence of 0.1 wt% CMC which shows the
formation of assembled particles that look like owers and are
composed of smaller-sized spherical particles. The sizes of
Fig. 3 TEM images of MnFe2O4 NPs: samples (a and b) MnF-1, (d and e) M
of the respective samples.

30858 | RSC Adv., 2023, 13, 30855–30868
these assembled structures are varied from 34 nm to 65 nm
while the sizes of the spherical particles forming these assem-
bled structures range from 10 to 30 nm. The high-resolution
TEM image (Fig. 3e) of an individual particle again conrmed
the single crystalline nature of the particles with interplane
space, d value of 0.5 nm corresponding to (111) plane of cubic
MnFe2O4. These particles are also polycrystalline as conrmed
by the respective SAED pattern shown in Fig. 3f. Fig. 3g displays
the TEM image of sample MnF-3 which shows the formation of
particles of mixed morphology comprising mostly cube and
spherical shapes. The sizes of these particles vary from 12 to
36 nm in which the spherical particles are relatively smaller
than the cube-shaped particles. The individual particles are also
single crystalline as the lattice planes are perfectly aligned in the
high-resolution TEM image (Fig. 3h) with interplane space,
nF-2, and (g and h) MnF-3 and (c, f, and i) represent the SAED patterns

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 N2 gas adsorption–desorption isotherms of different samples of MnFe2O4 NPs. The figure in the insets represents the BJH pore size
distribution curve of the respective samples.
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d value of 0.5 nm. The SAED pattern recorded from a portion of
the TEM image indicated the formation of well-crystalline
MnFe2O4 also in the absence of any additive. It can be infer-
red from the TEM results that chitosan plays the role of stabi-
lizer which controls the particles' growth thereby forming only
spherical particles. While CMC though plays the role of stabi-
lizer, it also helps in forming assembled structures quite similar
to ower-like morphology. While in the absence of any additive
uncontrolled growth of particles resulted in the formation of
particles of mixed morphology. Besides, the additive also
controls the crystallite sizes of the particles formed as discussed
in the previous section 3.1.
3.3 N2 gas adsorption–desorption study

To understand the surface properties, N2 gas adsorption–
desorption study was undertaken on all the samples. Fig. 4
depicts the nitrogen gas adsorption–desorption isotherms
which indicate that all the samples exhibit a type IV isotherm
with H3 hysteresis.39 These types of isotherms are usually
exhibited by mesoporous materials.39 The pore size distribution
curves of all the samples are displayed in the insets of Fig. 4.
The average pore diameter and pore volume was calculated
using the well-known Barrett–Joyner–Halenda (BJH) method
and is presented in Table 2. The average pore diameters vary
from 3.7 to 24.0 nm which further conrms the existence of
mesopores in the particles in all the samples. The multi-point
Brunauer–Emmett–Teller (BET) surface area analysis (Table 2)
indicates that sample MnF-3 exhibited the highest surface area
while sample MnF-1 possessed the lowest surface area of 27.2
m2 g−1. The different assembling patterns in the samples might
be responsible for the variation of surface areas of the particles.
Table 2 Specific surface area and pore properties of the as-prepared
MnFe2O4 NPs

Sample
Surface area
(m2 g−1)

Pore volume
(cm3 g−1)

Pore diameter
(nm)

MnF-1 27.2 0.09 3.7
MnF-2 32.5 0.24 14.9
MnF-3 39.0 0.28 24.0

© 2023 The Author(s). Published by the Royal Society of Chemistry
3.4 Magnetic property study

The magnetic properties of MnFe2O4 NPs were measured by
vibrating sample magnetometry (VSM). Fig. 5a shows the vari-
ation of magnetization with the magnetic eld (M–H curves) at
300 K. The absence of signicant hysteresis loops in the M–H
curves of all the samples conrmed the superparamagnetic
behaviour of MnFe2O4 NPs at room temperature. The saturation
magnetization (Ms) values were found to be 46.1, 58.9 and 64.1
emu g−1 for samples MnF-1, MnF-2, and MnF-3 respectively.
These values are lower than the bulk values of 80 emu g−1 which
is attributed to the decrease in the particle size.40 Further the
trend of increase in the Ms values of different samples is in
accordance to their average crystallite size discussed in section
3.1. Also, the presence of non-magnetic polymeric components
on the surface of MnFe2O4 NPs in samples MnF-1 and MnF-2
might contribute to the lower Ms value compared to that of
sample MnF-3 prepared in the absence of any additive.41,42

Fig. 5b displays the temperature-dependent magnetization
curves (M versus T) of all the samples recorded at an applied
eld of 500 Oe. It was observed that with increasing the
temperature, the ZFC magnetization increases up to
a maximum point and then begins to fall as the temperature
increases further. The blocking temperature, TB was found to be
331 K, 167 K, and 197 K for samples MnF-1, MnF-2, and MnF-3
respectively. Further, the ZFC-FC curves of samples MnF-1,
MnF-2, and MnF-3 exhibit irreversibility temperatures of 341
K, 366 K, and 261 K respectively. This temperature dependence
ZFC and FC magnetisation curve further conrms that the
MnFe2O4 NPs exhibit superparamagnetic behaviour at higher
temperatures.
3.5 X-ray photoelectron spectroscopy study

To ascertain the elemental composition and the oxidation state
of the individual element in the samples, the X-ray photoelec-
tron spectroscopy (XPS) study was conducted. The survey scan
spectra (Fig. S2a†) reveal the presence of elemental peaks due to
Mn 2p, Fe 2p, and O 1s in all the samples which indicates that
the samples are composed of Mn, Fe and O. Besides, the pres-
ence of a peak due to N 1s in sample MnF-1 is attributed to the N
present in the chitosan molecules used as additive during the
RSC Adv., 2023, 13, 30855–30868 | 30859
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Fig. 5 (a) Magnetization versus applied magnetic field measured at 300 K and (b) zero-filed cooled (ZFC) and field cooled (FC) temperature
dependence magnetization of different samples at an applied magnetic field of 500 Oe.
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synthesis. Additionally, the C 1s peak was also observed in all
the samples which is attributed to the presence of polymer
molecules in MnF-1 and MnF-2 and conductive carbon tape
used to hold the samples to make them conductive. Further, the
peak in sample MnF-3 might arise due to the adventitious
carbon which is oen made up of hydrocarbons and is present
on the sample surface due to charging effects.43 However, the
reason for appearing intense peak in sample MnF-3 is not
known but it might be due to the different factors associated
with the analysis. The high-resolution XPS spectra of the core
level Mn 2p region (Fig. 6a) exhibit two prominent peaks at
binding energies of 640.0–640.7 eV and 651.9–652.4 eV respec-
tively which are assigned to the Mn 2p3/2 and Mn 2p1/2 level of
Mn2+ in the samples. The tted Mn 2p3/2 curves further
exhibited peaks at binding energy 640.2–640.7 eV which is
assigned to Mn2+ in the samples.44,45 While the broad shoulder
peaks at around 643.4–643.7 eV correspond to the existence of
Mn4+ in the samples.45,46 Additionally, a weak peak at around
639.2 eV could be noticed in the tted Mn 2p3/2 peak in sample
MnF-2 which is also attributable to the contribution from
Mn2+.44 The high-resolution XPS spectra of the core level Fe 2p
region (Fig. 6b) also display two prominent peaks at binding
energies 723.6–723.8 eV and 710.0–710.4 eV due to the Fe 2p1/2
and Fe 2p3/2 level respectively. The Fe 2p3/2 peaks can be effec-
tively tted into two peaks at 709.5–709.9 eV and 711.1–
712.0 eV, which are attributed to the presence of Fe3+ ions
located in the octahedral and tetrahedral sites, respectively as
reported earlier.46,47 Similarly, the Fe 2p1/2 peaks at 723.6–
723.8 eV conrm the presence of Fe3+ ions in the octahedral
sites of the spinel. Additionally, the presence of a satellite peak
in the region 717.7–718.0 eV conrms the existence of Fe in the
Fe3+ state in all samples. The tted high-resolution XPS spectra
of the O 1s region (Fig. 6c) display a peak in the binding energy
region 528.7–529.3 eV which is assigned to the lattice oxygen
(O2−).46 While the peaks at 530.6–531.0 eV and 532.0–532.1 eV
correspond to the hydroxyl oxygen species or oxygen-related
30860 | RSC Adv., 2023, 13, 30855–30868
vacancy and a surface-adsorbed water molecule.46,47 The high-
resolution XPS spectrum of the N 1s region (Fig. S2b†)
displays a peak at binding energy 398.5 eV in sample MnF-1
which was prepared in the presence of chitosan. The peak can
be assigned to the –NH2 group in the chitosan molecule.48 This
indicates the adsorption of chitosanmolecules on the surface of
MnFe2O4 NPs in sample MnF-1 while these peaks are absent in
the other two samples namely MnF-2 and MnF-3 prepared in
the presence of CMC prepared and in the absence of any
additive respectively.

3.6 Mössbauer spectroscopy study

To understand the cationic distribution and magnetic proper-
ties of MnFe2O4 NPs, the room temperature 57Fe Mössbauer
spectroscopy study was carried out on sample MnF-1. Fig. 7a
depicts the Mössbauer spectrum which exhibits a magnetically
split six-line hyperne pattern conrming that the structure is
magnetically ordered. As the peaks are broad, the data was
analyzed considering the distribution of hyperne elds.49 The
obtained probability distribution of hyperne elds is shown in
Fig. 7b which shows two peaks at 16.8, and 44.9 Tesla indicating
that two magnetic sextets correspond to A-, and B-sites of the
spinel phase. The site with higher hyperne eld distribution is
assigned to the octahedral (B) sites. The tted curve at higher
hyperne eld distribution produced two peaks with a relative
spectral area of about 1 : 1 which gives a relative contribution of
octahedral and tetrahedral Fe-ions in the sample. This is in
agreement with the standard value of MnFe2O4 spinel.

3.7 Catalytic activity study

3.7.1 Optimization of the reaction condition. To evaluate
the catalytic potential of the as-synthesized MnFe2O4 NPs, the
oxidation of benzyl alcohol was chosen as a model reaction. In
the initial study, benzyl alcohol (1.0 mmol) and TBHP (1.5
mmol) were allowed to react at room temperature under
magnetic stirring in the absence of a solvent and catalyst for
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra03797e


Fig. 6 High-resolution X-ray photoelectron spectra of (a) Mn 2p region, (b) Fe 2p region, and (c) O 1s region of different samples.

Fig. 7 (a) Room temperature 57Fe Mössbauer spectrum of sample MnFe2O4 NPs (MnF-1) and (b) the corresponding hyperfine field distribution.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 30855–30868 | 30861
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Table 3 Comparison of the efficiency of different catalysts in the
oxidation of benzyl alcohol to benzaldehydea

Sl. No. Catalyst Condition Yieldb (%)

1 No catalyst Stirring 16
2 MnFe2O4 (MnF-1) Stirring 52
3 MnFe2O4 (MnF-2) Stirring 46
4 MnFe2O4 (MnF-3) Stirring 39
5 MnFe2O4 (MnF-1) Sonication 85
6 MnFe2O4 (MnF-2) Sonication 66
7 MnFe2O4 (MnF-3) Sonication 60
8 MnCl2$4H2O Sonication 26
9 FeCl3 Sonication 33
10 g-Fe2O3 Sonication 30
11 MnO2 Sonication 25
12 A physical mixture of

g-Fe2O3 and MnO2 (1 : 1)
Sonication 35

a Reaction condition: benzyl alcohol (1.0 mmol), TBHP (1.5 mmol),
catalyst (10 mg), time (3 h). b Isolated yield.
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3.0 h. This reaction produced only 16% of the desired product
(Table 3; entry 1). However, the addition of 10.0 mg of MnFe2O4

NPs (MnF-1) as the catalyst to the reaction mixture yielded 52%
product under identical reaction conditions (Table 3; entry 2).
To assess the catalytic activity of the other two MnFe2O4 NPs
namely sample MnF-2 and MnF-3, we repeated the same reac-
tion under identical reaction conditions and observed 46% and
39% product yield respectively within the same time (Table 3;
entries 3–4). The results indicate that sample MnF-1 exhibits
better performance as catalysts over the other two but the
overall catalytic activity is not satisfactory under the condition
of investigation. It is reported that ultrasonic irradiation is an
effective tool to carry out some organic transformations very
efficiently.50 Further, our research group has also reported
recently the use of ultrasonic irradiation to carry out aza-
Michael reaction and C–B bond cleavage reactions very effec-
tively in a milder way.51,52 To check if the activity of these cata-
lysts under consideration can be enhanced under ultrasonic
irradiation, we repeated the catalytic reaction under ultrasonic
irradiation keeping other reaction parameters identical.
Surprisingly, we noticed that the yield of the products increased
signicantly with all three catalysts under ultrasonic irradiation
(Table 3; entries 5–7). However, sample MnF-1 offered the
maximum product yield of 85% compared to the other two
catalysts. The reason behind the enhanced conversion under
ultrasonic irradiation might be the cavitation phenomenon
caused by ultrasonic irradiation which may supply energy to the
reaction medium by creating a repeating pattern of compres-
sions and rarefaction.53,54 This results in an increase in the rate
of the reaction and the yield. Further, it is obvious from Table 3
30862 | RSC Adv., 2023, 13, 30855–30868
that the catalyst synthesized in the presence of additives offers
higher catalytic activity which might be due to the different
surface properties of the particles in different samples. For
a systematic investigation, we performed several controlled
reactions with bulk manganese chloride, ferric chloride, g-
Fe2O3, MnO2, and a mixture of g-Fe2O3 and MnO2 (Table 3;
entries 8–12). However, the product yield was not very satis-
factory compared to the MnFe2O4 NPs. The better catalytic
performance of MnFe2O4 NPs might be attributed to the
synergistic effect of both the component and crystallinity of the
ferrite compared to the individual monometallic oxide and the
bulk metal salts. Accordingly, we chose sample MnF-1 as the
catalyst to extend the optimization further for other reaction
parameters such as solvent, oxidant, temperature and catalyst
amount under ultrasonic irradiation to achieve the best
optimum condition. Firstly, the impact of different solvents
such as CH3CN, water, toluene, acetone, and a binary mixture of
different solvents was examined (Table S1;† entries 2–7). It was
observed that under the solvent-free condition, the reaction
offered a higher yield of benzaldehyde with 100% selectivity
(Table S1;† entry 1). The reason for the lower yield in a solvent
might be attributed to the solvation effect of catalysts and
reactants.55 In the absence of a solvent, the reactants approach
the catalyst surface quickly thereby enhancing the reaction rate.
On the other hand, in the presence of a solvent, the reactants
are distributed in the solvent, which delays the interaction with
the catalyst resulting in a lowering of the reaction rate. In the
next assessment, we tested the reaction with different catalyst
loading of 10.0 mg, 15.0 mg, and 20.0 mg (Table S1:† entries 1,
8, and 9), and we observed that increasing the amount of the
catalyst from 10.0 mg to 15.0 mg increased the product yield
from 85% to 90% but further increase in the catalyst loading to
20.0 mg did not improve the yield of the product signicantly.
Hence, the catalyst loading was xed at 15.0 mg for further
study. We also investigated the effect of the amount of oxidant
(Table S1;† entries 8, 10 and 11) and observed that 1.5 mmol of
TBHP is optimum for offering the maximum yield. Further, the
impact of temperature on the catalytic performance of MnFe2O4

NPs (MnF-1) was also monitored by considering 15.0 mg of
catalyst, 2.0 h of reaction time, and 1.5 mmol of TBHP under
ultrasonic irradiation. We observed that the increase of the
temperature from room temperature (25–30 °C) to 40 °C
decreases the yield of benzaldehyde (Table S1;† entry 12), which
might be due to the formation of benzoic acid as a by-product at
the higher temperature as conrmed by the NMR spectroscopy
(Fig. S18 and S19†). So, the room temperature was considered as
the optimum temperature for the current protocol. We also
recorded that when the reaction time was increased, no
signicant increase in product yield was observed (Table S1;†
entry 13). In our nal assessment, different oxidants such as O2,
and hydrogen peroxide (H2O2) were tested (Table S1;† entries
14–15) but the yield was not satisfactory. The screening results
conrmed that for 1.0 mmol of benzyl alcohol; 1.5 mmol of
TBHP as oxidant, and 15.0 mg of MnFe2O4 NPs (MnF-1) as the
catalyst in solvent-free condition at room temperature for 2.0 h
is the optimum reaction conditions for the selective oxidation of
benzyl alcohol to benzaldehyde.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Substrate scope for oxidation reaction under ultrasonic irradiationa

Entry Alcohol Product Time (h) Yieldb (%) Selectivity (%)

1 2.0 90 100

2 2.0 82 100

3 2.0 86 100

4 2.5 80 100

5 2 85 100

6 2.5 82 100

7 2.0 84 100

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 30855–30868 | 30863
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Table 4 (Contd. )

Entry Alcohol Product Time (h) Yieldb (%) Selectivity (%)

8 2.0 88 100

9 1.5 94 100

10 1.5 93 100

11 4.0 15 —

12 4.0 20 —

13 5.0 Trace —

14 7.0 Trace —

15 CH3(CH2)6CH2OH — — — —

a Reaction condition: benzyl alcohol (1.0 mmol), TBHP (1.5 mmol), catalyst (sample MnF-1; 15.0 mg). b Isolated yield.

30864 | RSC Adv., 2023, 13, 30855–30868 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Proposed mechanism for the MnFe2O4 NPs catalyzed
oxidation of benzyl alcohol.
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3.7.2 Substrate scope. With the optimized reaction condi-
tions in hand, we expanded the oxidation reaction to different
substituted benzyl alcohols, aliphatic alcohols, and hetero-
aromatic alcohols. As listed in Table 4, all the substituted benzyl
alcohols are easily converted into corresponding aldehydes with
100% selectivity. No further oxidation to carboxylic acid was
detected in the reaction system. We noticed that the substituted
benzyl alcohol with electron-donating groups is more reactive
(Table 4; entries 9–10) than benzyl alcohol-bearing electron-
withdrawing groups (Table 4; entries 2–8). This might be due to
the enhancement of electron density on the reactive site of the
reactant by an electron-donating group making the oxidation
easier.56 These results are also consistent with the reported
observations by Chen et al.57 Further, the substituents at para-
position of benzyl alcohol (Table 4; entries 3, 5, 8, 9, and 10)
offer better yield than ortho (Table 4; entries 2, 4, and 6) and
meta-substituted benzyl alcohols (Table 4; entry 7) which might
be due to the minimum steric hindrance in the para position
than the ortho and meta positions.56 On the other hand, heter-
oaromatic alcohols and aliphatic alcohols (Table 4; entries 11–15)
offered a low yield of their corresponding oxidized product which
might be due to the fact that the reaction was accomplished
under mild conditions. It is reported that such heterocyclic
alcohols have a tendency for strong coordination with the active
metal centre thereby deactivating the activity of the catalyst.21

Similarly, aliphatic alcohols are very difficult to oxidize tradi-
tionally because of the absence of conjugation in the b-position
of the hydroxyl group and hence their poor reactivity.56,58 There-
fore, we conclude that the prepared MnFe2O4 NPs offer excellent
catalytic activity towards different benzyl alcohols under mild
reaction conditions at room temperature.

3.7.3 Reaction mechanism. Based on the literature
reports,59,60 and our observations, a hypothesized mechanism for
the formation of benzaldehyde from benzyl alcohol is proposed
(Scheme 1). We believe that in the initial step, TBHP is homo-
lytically cleaved on the surface of the catalyst at the O–O link via
a free radical mechanism, resulting in the formation of active
species t-BuOc and HOc. The electrostatic interaction between
HOc and the catalyst surface produces intermediate 1. The next
step is the removal of hydrogen from benzyl alcohol to produce
intermediate 2. Finally, the hydrogen transfer from intermediate
2 to intermediate 1 results in the formation of product 3
accompanied by the release of H2O as a byproduct, and the
catalyst is regenerated. The involvement of the free radicals
during the reaction was proved by doing a quick test using
hydroquinone (Merck, India, $99%), an efficient free radical
scavenger.23 When a small amount of hydroquinone (0.5 mmol)
was added to the reaction medium no signicant product
formation was noticed in 3.0 h. This proves that the reaction
proceeds via the formation of free radicals. Further to get an the
idea of which component of the catalyst was involved in the
catalyzed oxidation, the XPS study was carried out on the recov-
ered sample. The tted high-resolution XPS spectrum of the Mn
2p region (Fig. S3a†) shows the presence of peaks at binding
energies 639.2 eV, 640.5 eV, 641.8 eV and 644.8 eV which corre-
sponds to Mn(II), Mn(III) and Mn(IV) respectively.44,45 The
© 2023 The Author(s). Published by the Royal Society of Chemistry
additional peak at binding energy 641.6 eV due to Mn(III)
compared to the fresh MnF-1 catalyst conrmed the conversion
of Mn(II) to Mn(III) during the reaction. This might be due to the
oxidation of Mn(II) by TBHP or Fe(III) mediated transition of
Mn(II) to Mn(III) in the medium.61 While a slight shiing in peak
position for Fe 2p was observed in the tted XPS spectrum of the
Fe 2p region (Fig. S3b†) which might be due to the change in the
environment during the reaction. In the high-resolution XPS
spectrum of the O 1s region (Fig. S3c†), an additional peak at
binding energy 530.3 eV was observed compared to the parent
sample which is attributable to the presence of hydroxyl oxygen
species or oxygen-related vacancy.46 No characteristic changes
were detected in the high-resolution XPS spectrum of the N 1s
region (Fig. S3d†). From these observations, we assume that the
change in the oxidation state from Mn2+ to Mn3+ during the
catalysis reaction promotes the reaction compared to other bulk
and individual mono metallic oxide NPs. Additionally, the liter-
ature reports suggest that the transition between Mn2+ to Mn3+

might also cause the conversion of Fe3+ to Fe2+ inMnFe2O4 in the
presence of TBHP thereby generating highly active peroxy radi-
cals and thus enhancing the catalytic activity of MnFe2O4 NPs
compared to other tested catalysts .61

3.7.4 Comparison of catalytic activity with other reported
catalysts. To examine the efficiency of the present protocol, the
result of the current study is compared with other reported
ferrite and non-ferrite-based catalyst systems (Table 5). The
results indicate that our catalyst system has many advantages
over other reported methods in terms of reaction time, yields,
reaction temperature, and the use of toxic organic solvents.

3.7.5 Reusability test of the catalyst. The reusability of
a catalyst is vital for industrial applications. Therefore, to check
RSC Adv., 2023, 13, 30855–30868 | 30865
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Table 5 Comparison of catalytic activity of MnFe2O4 NPs with reported catalysts for the synthesis of benzaldehyde

Entry Catalyst Oxidant Temperature (°C) Solvent Time (h) Yield (%) Selectivity (%)

1 CuxFe3−xO4 (ref. 22) TBHP 110 — 5 >73 100
2 NiFe2O4 (ref. 23) TBHP 60 CH3CN 3 85 100
3 CoFe2O4 (ref. 24) H2O2 110 — 5 >99 100
4 CuFe2O4 (ref. 26) O2/TEMPO 100 Water 24 95 —
5 MnFe2O4 (ref. 28) H2O2 80 CH3CN 10 87.6 100
6 CoCu62 TBHP r.t. CH3CN 6 88 —
7 Fe3O4/C/MnO2 (ref. 63) O2 100 Toluene 4 78 100
8 NiFe2O4 nanorods (ref. 29) H2O2 110 Water 6 86 77
9 PEG-NiFe2O4 NPs (ref. 64) H5IO6 r.t. Water 1.5 98 99
10 La0.95Ce0.05MnO3 (ref. 65) O2 120 Toluene 12 40 99
11 MnFe2O4 NPs (this work) TBHP r.t. — 2 90 100

Fig. 8 Recyclability study of MnFe2O4 NPs for benzyl alcohol oxida-
tion reaction.
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the reusability of the catalyst, a series of tests were performed
under similar reaction conditions. Aer the rst cycle of the
reaction, the catalyst was recovered conveniently from the
Fig. 9 (a) XRD pattern of sample MnF-1 before and after catalysis and (b

30866 | RSC Adv., 2023, 13, 30855–30868
reaction mixture by using an ordinary bar magnet. The isolated
products were puried by washing with water and water–
ethanol mixture to get rid of any organic components absorbed
on the surface and the isolated products were dried in an oven
at 60 °C under vacuum overnight. The recovered catalyst was
used for another batch of reactions under identical reaction
conditions. The process of isolation of the catalyst and their
reusability was tested up to the 6th cycle. We observed that the
catalyst could be reused up to the 6th cycle without signicant
loss of catalytic activity (Fig. 8). We noticed a gradual decrease
in the catalytic activity aer the 6th cycle which might be due to
the adsorption of oxidized product on the surface of MnFe2O4

NPs resulting in the deactivation of the catalyst or physical loss
of the catalyst during the purication process. Furthermore, we
executed the elemental analysis of the residue collected aer
the reaction to explore if the reaction is heterogeneously cata-
lyzed and the loss is due to any leaching of the metal during
catalysis, (details are provided in ESI†). We recorded the pres-
ence of 0.02% Mn and 0.04% Fe in the residue which is an
insignicant amount to contribute to the catalysis. This further
) SEM image of sample MnF-1 after catalysis.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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signies the stability, and effectiveness of the catalyst in the
selective oxidation of benzyl alcohol to benzaldehyde. To check
the stability of the catalyst, the recovered catalyst was examined
by microscopy and XRD techniques. Fig. 9a represents the XRD
pattern of sample MnF-1 before and aer catalysis which shows
that no change in the crystallinity of the catalyst. Moreover, the
morphology of the MnF-1 catalyst remains intact aer catalysis
which is conrmed by the SEM study (Fig. 9b).
4. Conclusion

We have successfully synthesized MnFe2O4 NPs via the precip-
itation method followed by hydrothermal ageing both in the
absence and presence of biodegradable polymers. The additives
control the crystallite size as well as the morphology of the
formed MnFe2O4 NPs. The as-prepared MnFe2O4 NPs are pure
and crystalline exhibiting superparamagnetic behaviour. The
MnFe2O4 NPs prepared in the presence of chitosan exhibit
excellent catalytic activity in the solvent-free selective oxidation
of benzyl alcohol to benzaldehyde at room temperature under
ultrasonic irradiation with 100% selectivity. The catalysts are
magnetically retrievable, stable and can be reused for up to 6th
runs without a signicant loss in the catalytic activity.
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