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ticles: an efficient and reusable
catalyst for the selective oxidation of benzyl
alcohol to benzaldehyde under mild conditions†

Saddam Iraqui, Siddhartha Shankar Kashyap and Md. Harunar Rashid *

Benzaldehyde is one of the most important and versatile organic chemicals for industrial applications. This

study explores a milder approach for the fabrication of NiFe2O4 nanoparticles (NPs) for use as a catalyst in

the selective oxidation of benzyl alcohol to benzaldehyde. A co-precipitation method coupled with

hydrothermal aging has been adopted to synthesize NiFe2O4 NPs in the absence of any additive.

Different techniques such as electron microscopy, diffractometry, and photoelectron spectroscopy have

been used to characterize the products. The results showed that the synthesized NiFe2O4 NPs are

spherical, pure, and highly crystalline with sizes below 12 nm possessing superparamagnetic behaviour.

The catalytic activity of the synthesized NiFe2O4 NPs has been assessed in the selective oxidation of

benzyl alcohol under ambient reaction conditions. A conversion of 85% benzyl alcohol with 100%

selectivity has been attained with t-butyl hydroperoxide at 60 �C in 3 h. With the optimized reaction

conditions, the generality of the newly developed protocol has been expanded to a wide array of

substituted benzyl alcohols with good performance. The NiFe2O4 nanocatalysts are magnetically

separable and are reusable up to five cycles without loss of catalytic activity.
1. Introduction

Ferrites are categorized as electro-ceramics with ferromagnetic
properties, mainly consisting of ferric oxide, a-Fe2O3.1 The
general formula of ferrites is represented by (M1�xFex)A (Mx-
Fe2�x)BO4, where A and B represent tetrahedral and octahedral
sites respectively.2 Magnetic ferrites are inverse spinel where the
divalent ions occupy the octahedral sites and the trivalent ions
occupy both the octahedral and tetrahedral sites giving rise to
various magnetic behaviors.2 Both the structural and magnetic
properties of ferrites vary depending on their sizes. Nickel
ferrite (NiFe2O4) is a cubic ferrimagnetic oxide with an inverse
structure where the divalent ion (Ni2+) occupies the octahedral
sites and the trivalent ions (Fe3+) occupy both the tetrahedral
and octahedral sites.3 The ferrimagnetism arises from the
magnetic moment of the inverted spins present between the
Fe3+ ions in the tetrahedral sites and Ni2+ ions in the octahedral
sites.2 So, NiFe2O4 is considered as a so ferromagnetic mate-
rial.4 It is reported that when the diameter of the particle is less
than that of a single magnetic domain, spinel ferrite nano-
particles (NPs) become superparamagnetic.4 Among different
ferrites, spinel NiFe2O4 became a topic of interest in recent
times because of its excellent technological applications.5–9
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These technological applications motivated researchers to
develop an efficient chemical technique to synthesize NiFe2O4

of controlled sizes and shapes. Among different chemical
synthesis methods, the hydrothermal method is considered to
be the most efficient because of various advantages associated
with such techniques such as well-controlled particle size,
morphology, and crystallinity. Also by changing the reaction
time, pH of the reaction medium, and temperature, highly
crystallized and weakly accumulated powders having narrow
size distributions can be produced.10,11 Moreover, hydrothermal
methods are simple, environment-friendly, and cost-effec-
tive.4,12 Accordingly, many researchers utilized the hydro-
thermal method under different reaction conditions to
synthesize NiFe2O4 NPs. For example, Shen et al. reported the
synthesis of highly ordered octahedral like NiFe2O4 with
enhanced magnetic performance via a novel multistep hydro-
thermal approach at 180 �C for 8 h in the presence of ethylene
glycol.13 Kesavan et al. synthesized NiFe2O4 NPs with a cubic
crystal structure with an average crystallite size of 16 nm by
a hydrothermal method at 130 �C for 12 h in the presence of
polyvinylpyrrolidone (PVP) as an additive. They further calcined
the isolated sample at 550 �C for 4 h to get the desired product.14

Safaei et al. presented a simple and efficient method to
synthesize a magnetic NiFe2O4 nanocatalyst under hydro-
thermal conditions at 200 �C for 24 h using urea and poly-
ethylene glycol (PEG) as additives.15 Paul et al. reported a novel
and facile approach for the synthesis of spinel NiFe2O4 NPs
employing homogeneous chemical precipitation followed by
This journal is © The Royal Society of Chemistry 2020
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hydrothermal treatment using tributylamine (TBA) as a hydrox-
ylating agent in the presence of PEG as a surfactant.16 Karaagac
et al. synthesized NiFe2O4 NPs of different sizes and shapes in
a two-step co-precipitation/hydrothermal process by varying the
temperature between 125 and 200 �C for 40 h.17 Li et al. reported
the synthesis of nanocrystalline NiFe2O4 via a hydrothermal
method at 160 �C for 6 h assisted with homogeneous co-
precipitation at low temperatures in the presence of urea.18

There was no dened morphology and size of the formed
NiFe2O4 nanocrystal. Raque et al. reported the synthesis of
NiFe2O4 nanooctahedra in the gram scale via a hydrothermal
method at 220 �C for 12 h.19 Nejati et al. reported the synthesis
of NiFe2O4 NPs by a hydrothermal method at different
temperatures of 100, 130, and 150 �C for 18 h.20 They used
triethylamine in ethyl acetate solution to adjust the pH of the
reaction mixture. They further investigated the inhibition of the
surfactant (glycerol or sodium dodecyl sulphate) on particle
growth. Although the above reports were of successfully
synthesized NiFe2O4 NPs, most of the reports utilized additives
in the form of surfactants or polymers or the reaction was
performed at higher temperatures or the reaction was
continued for a long time. So, the processes are lengthy, energy-
consuming, and in some cases complex due to the presence of
additives. Hence, a mild and simple hydrothermal method of
synthesis of uniform NiFe2O4 NPs without using any additive is
highly desirable and is the current topic of research interest.

One of the most important and versatile organic chemicals
in the chemical industry is benzaldehyde. It serves as a synthetic
intermediate for agrochemicals, dyes, perfumery, and phar-
maceuticals.21 It appears as the second most important
aromatic molecule aer vanillin used in the cosmetics and
avour industries.22,23 In commercial practice, benzaldehyde is
commonly prepared by the partial oxidation of benzyl alcohol,
alkaline hydrolysis of benzyl chloride, liquid-phase oxidation of
toluene, and the carbonylation of benzene.24,25 However, the
existence of a chlorinated product and low selectivity towards
benzaldehyde are the main concerns of these processes.26

Another method to produce benzaldehyde is through the cata-
lytic oxidation of styrene at the side chain.27 However, the harsh
reaction conditions and complex and expensive methodologies
implemented for the controlled conversion of styrene into one
desired oxygenated product (selectivity issue) limit the appli-
cability of this method. Therefore, many new routes have been
introduced in recent years for the synthesis of benzaldehyde.
One of the popular techniques is the catalytic oxidation of
benzyl alcohol selectively using both homogeneous and
heterogeneous catalyst systems.28 Although homogeneous
systems were found to be successful, reusability, cost, sustain-
ability, and toxicity issues limit their uses.28 Whereas, hetero-
geneous catalysts are in general more favourable than
traditional homogeneous ones due to their promising easy
separation and potential recycling. Subsequently, several
heterogeneous catalyst systems were reported recently for the
oxidation of benzyl alcohol with different oxidants. But satis-
factory results in terms of selectivity were attained in only a few
cases.29–34 Therefore, the demand for efficient and selective
catalysts is the driving force for the researchers to synthesize
This journal is © The Royal Society of Chemistry 2020
new catalysts. Among different heterogeneous catalysts,
magnetic ferrites occupied a signicant position due to their
easy recovery, low cost, and low toxicity. For example, Gawande
et al. reported the use of recyclable Fe3O4–Co NPs for the
oxidation of alcohols to carbonyl compounds using t-butyl
hydroperoxide (TBHP) as the oxidant. They attained a conver-
sion of 82% benzyl alcohol to benzaldehyde at 80 �C aer 5 h.35

Saranya et al. reported the use of supported NiFe2O4 for the
oxidation of benzyl alcohol in an acetonitrile medium at 80 �C
using O2 as the oxidant. The conversion of benzyl alcohol
reached a maximum of 77% with 100% selectivity.36 Sadri et al.
reported the use of the magnetically separable nano-CoFe2O4

catalyst for oxidation of primary and secondary benzylic and
aliphatic alcohols to produce the corresponding carbonyl
products in water with oxone as the oxidizing agent at room
temperature.37 Zhu et al. reported the use of CuFe2O4 as a cata-
lyst for the oxidation of benzyl alcohol in the presence of
TEMPO in water at 100 �C for 24 h using O2 as the oxidant. They
recorded a maximum yield of 95%, which decreased when the
amount of TEMPO was lowered.38 Bhat et al. reported the use of
different ferrites for the oxidation of benzyl alcohol in an
acetonitrile medium using H2O2 as an oxidant at 80 �C for 7 h.
The maximum conversion of 82.4% was attained with a nano-
functionalized NiFe2O4 catalyst.39 Nasrollahzadeh et al. studied
the performance of CoFe2O4 NPs in the oxidation of benzyl
alcohol to benzaldehyde using H2O2 as an oxidant under
solvent-free conditions. They acquired >99% conversion of
benzyl alcohol to benzaldehyde at 110 �C for 5 h.40 A careful
investigation suggests that in the above reports either the
catalyst system was prepared using a complex methodology or
harsh conditions such as high temperatures or longer reaction
time was applied for the desired conversion. So, it is highly
desirable to design and develop an efficient and mild protocol
for the selective oxidation of benzyl alcohol to benzaldehyde. To
address the above issues with the synthesis of ferrites and the
selective oxidation of benzyl alcohol, the objective of the current
investigation is (i) to synthesize uniform, easily separable, and
cost-effective non-toxic catalysts easily and simply and (ii) to use
the synthesized catalyst for selective oxidation of benzyl alcohol
to benzaldehyde under mild reaction conditions. Subsequently,
we were able to address some of the issues by synthesizing
NiFe2O4 NPs via coprecipitation coupled with hydrothermal
treatment in the absence of any additive or other toxic agents at
a temperature of 180 �C for 3 h. We were able to produce highly
crystalline, uniform particles. These particles successfully
catalyze the oxidation of benzyl alcohol and its substituted
derivative selectively under mild conditions. So, the objective of
the research was accomplished with great success.

2. Experimental section
2.1 Chemicals

Anhydrous ferric chloride (FeCl3), nickel chloride hexahydrate
(NiCl2$6H2O), benzyl alcohol (C6H5CH2OH), hydroquinone, and
ammonium hydroxide (NH4OH; 25%) were purchased from
Merck India. t-Butyl hydroperoxide (TBHP; 70% in water) and
other substituted benzylic and aliphatic alcohols were
Nanoscale Adv., 2020, 2, 5790–5802 | 5791
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purchased from Sigma-Aldrich and Alfa-Aesar with the purity of
97–99%. All the reagents were used without further purication.
All the glassware was cleaned in a bath of freshly prepared aqua-
regia solution (HCl : HNO3 ¼ 3 : 1 V/V) and then rinsed thor-
oughly with double distilled water. Double distilled water was
used for all types of material preparation.
Fig. 1 XRD patterns of NiFe2O4 NPs prepared at the hydrothermal
aging time of 3 and 4 h.
2.2 Synthesis of NiFe2O4 nanoparticles

To synthesize NiFe2O4, equal volume of aqueous NiCl2 (25 mL;
0.05 M) and FeCl3 (25 mL; 0.1 M) solution were taken in a round
bottom (RB) ask tted with a condenser and placed at 80 �C to
get a Ni2+ to Fe3+ ratio of 1 : 2. The mixture of metal salt solutions
was then subjected to constant stirring to get a homogeneous
solution followed by the dropwise addition of aqueous NH4OH
(5.25 M; 20 mL) solution. The reaction mixture was stirred for 30
min at the same temperature. The color of the reaction mixture
gradually changed and nally, a reddish-brown precipitate was
noticed. The whole reaction mixture was then transferred into
a 100 mL Teon lined autoclave and aged for 3 h at 180 �C. Aer
that, the reactor containing the product was allowed to cool down
to room temperature naturally. The solid precipitate was
collected by magnetic separation using a simple bar magnet. The
isolated solid product was puried by washing with H2O several
times till a pH of 7.0 was obtained and nally dried in a vacuum
at 60 �C for 12 h. This sample was labelled as NiFe2O4-3. Another
set of the reaction was carried out by changing the hydrothermal
aging time to 4 h keeping all the reaction conditions the same as
the previous one and the sample was denoted as NiFe2O4-4. The
synthesized particles were characterized by different spectro-
scopic, microscopic, and diffractometric techniques as discussed
in detail in the ESI.†
2.3 General procedure for the oxidation of benzyl alcohol

For the oxidation reaction, 10 mg of NiFe2O4 NPs (0.04 mmol;
sample NiFe2O4-3) was added to 3 mL of acetonitrile taken in
a clean dry round bottom ask of volume 10 mL. For the efficient
dissolution of the catalyst, the mixture was sonicated for about 5
min. Following this, 0.104 mL benzyl alcohol (1 mmol) and 0.05
mL of 70% TBHP (0.4 mmol) was added to the reaction mixture
and was subjected to magnetic stirring at 60 �C under reux
conditions. The progress of the reaction was monitored by thin-
layer chromatography (TLC). Aer the complete conversion of the
reaction, the reaction mixture was allowed to cool to room
temperature and the catalyst was separated using a simple bar
magnet. The reaction mixture was then diluted with an optimum
amount of ethyl acetate andwater. The organic layer was separated
and washed with brine and dried over Na2SO4. The solvent was
removed in a rotary evaporator (Buchi) under reduced pressure.
The crude product was puried by column chromatography (5%
ethyl acetate in hexane) on silica gel (100–200 mesh) to get the
desired product. The products were identied by 1H NMR and 13C
NMR.
5792 | Nanoscale Adv., 2020, 2, 5790–5802
3. Results and discussion
3.1 X-ray diffraction study

Fig. 1 shows the X-ray diffraction (XRD) pattern of the as-
prepared samples. The diffractogram showed diffraction peaks
at 2q ¼ 30.1, 35.6, 37.2, 43.2, 53.7, 57.1, and 62.7� which are
assigned to (220), (311), (222), (400), (422), (511), and (440)
planes of cubic structures of spinel NiFe2O4 (JCPDS Card no. 10-
0325).41 No additional diffraction peaks due to impurities were
noticed in the XRD pattern indicating the formation of pure and
highly crystalline spinel NiFe2O4. Similar XRD results were re-
ported earlier for both spherical and sheet-like NiFe2O4 NPs.4,42

The average crystallite size as measured using Scherer's equa-
tion (eqn (1)) was found to be 8.2 nm for both the samples.

D ¼ 0:9l

b cos q
(1)

where l is the wavelength of the X-ray radiation (0.154 nm), q is
the diffraction angle and b is the full width at half maximum
(FWHM).
3.2 Electron microscopy study

To examine the morphological evolution, we recorded the
scanning electron microscopy (SEM) images of the samples.
Fig. 2a shows the SEM image of sample NiFe2O4-3 prepared at
the hydrothermal aging time of 3 h, which is dominated by
highly populated spherical particles of sizes below 15 nm. The
SEM image of NiFe2O4-4 prepared at the hydrothermal aging
time of 4 h also shows similar morphology and sizes. This might
indicate that the hydrothermal aging time does not have much
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 FESEM images of the as-prepared NiFe2O4 NPs: (a) sample NiFe2O4-3 and (b) sample NiFe2O4-4.
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inuence on the morphology and size of the products. Srivas-
tava et al. also reported the formation of spherical NiFe2O4 NPs
of sizes 15–20 nm by a hydrothermal method at 160 �C for 15 h.4

Abu-Dief et al. reported the synthesis of spherical NiFe2O4 NPs
of an average size of 5 nm by the hydrothermal method at 180 �C
for 24 h in presence of PEG.8 Ganesh et al. observed the
formation of clusters of sheets of NiFe2O4 of average crystallite
size of 16 nm from the respective salts in an aqueous medium
by a hydrothermal method performed at 130 �C for 12 h in
presence of PVP.42 The comparison of the results indicated that
Fig. 3 TEM images of the as-prepared NiFe2O4 NPs: (a) TEM image, (b)
and (d) TEM image, (e) HRTEM image, and (f) SAED pattern recorded fro

This journal is © The Royal Society of Chemistry 2020
in the absence of any additive, nearly monodisperse NiFe2O4

NPs can be obtained within a shorter time. The energy disper-
sive X-ray (EDX) spectroscopy analysis conrmed the presence
of elemental Ni, Fe, and O in the atomic ratio of approximately
1 : 2 : 4 in both the samples (Fig. S1 in the ESI†).

Further to study the morphological evolution, transmission
electron microscopy (TEM) images were recorded from the
samples. The TEM image recorded from sample NiFe2O4-3
(Fig. 3a) further conrmed the presence of spherical NPs those
are mostly aggregated. This might be due to the absence of any
HRTEM image, and (c) SAED pattern recorded from sample NiFe2O4-3
m sample NiFe2O4-4.

Nanoscale Adv., 2020, 2, 5790–5802 | 5793
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stabilizer or magnetic properties of the particles. The high-
resolution TEM (HRTEM) image recorded from a portion
(Fig. 3b) showed the presence of well-resolved lattice fringes
with a d space value of 0.3 nm. This value corresponds to the
(220) lattice plane in NiFe2O4. The selected area electron
diffraction (SAED) study (Fig. 3c) revealed the presence of bright
spots superimposed on a ring pattern conrming that the
NiFe2O4 NPs are polycrystalline. The TEM image recorded from
sample NiFe2O4-4 (Fig. 3d) also shows similar structural evolu-
tion as observed in sample NiFe2O4-3. In this case, the particles
are more uniform compared to the previous one. The HRTEM
image and SAED pattern also show similar characteristics as
observed in sample NiFe2O4-3. The mean size of NiFe2O4 NPs
for both the samples was calculated from TEM micrographs
considering 100 particles (Fig. S2 in the ESI†). The mean sizes of
NiFe2O4 NPs are 11.3 and 10.2 nm respectively for samples
NiFe2O4-3 and NiFe2O4-4. A slight decrease in the particle size in
sample NiFe2O4-4 might be attributed to the high hydrothermal
aging time. Further, the average size obtained from TEM is
slightly larger than the crystallite sizes of NiFe2O4 obtained
from XRD results.
3.3 Magnetic property study

The hysteresis curve of the NiFe2O4 NPs was investigated using
a vibrating sample magnetometer (VSM) at room temperature
(300 K). The hysteresis curves of NiFe2O4 samples are shown in
Fig. 4a. The NiFe2O4 NPs in both the samples exhibit super-
paramagnetic behavior with the saturation magnetic moment
(Ms) of 0.6 emu and without magnetic hysteresis loop, coercivity
(Hc), and remanent magnetization (Mr). A similar observation
was also noticed in the magnetic properties of NiFe2O4 NPs in
sample NiFe2O4-4 which is a characteristic of super-para-
magnetism.43 The obtained saturation magnetization (Ms) value
is lower than the values of bulk NiFe2O4 particles reported
Fig. 4 (a) Magnetic hysteresis curves (M vs. H) of samples NiFe2O4-3 and
of samples NiFe2O4-3 and NiFe2O4-4 measured under field-cooled (FC)

5794 | Nanoscale Adv., 2020, 2, 5790–5802
elsewhere.11 Super-paramagnetic behavior arises from the fact
that when a magnetic eld is applied, the NPs need to overcome
the thermal barrier to align themselves with the direction of the
eld and above TB due to thermal energy, this barrier is
overcome.

The temperature-dependent magnetization of NiFe2O4 NPs
was studied from zero eld cooling-eld cooling (ZFC-FC)
measurements. For the ZFC-FC measurements, the sample was
cooled down to 5 K in zero elds and the magnetization was
recorded as the sample was heated to 300 K in an applied eld
of 500 Oe. Then, the sample was cooled to 5 K under an applied
eld of 500 Oe and the magnetization was recorded as the
sample was heated to 300 K in the same eld. The ZFC-FC
curves of NiFe2O4 NPs are shown in Fig. 4b that exhibited
a sharp divergence below 150 K with blocking temperatures (TB)
around 75 and 58 K respectively for samples NiFe2O4-3 and
NiFe2O4-4. That is, the sample of NiFe2O4 NPs has a maximum
in ZFC measurements and constant moments below TB for FC
measurements. This was due to the blocking of magnetic
moments because of the presence of anisotropy. Such diver-
gence of the magnetization below the blocking temperature in
the ZFC-FC measurements is due to the existence of the energy
barriers of magnetic anisotropy and the slow relaxation of the
particles below the blocking temperature. This magnetic
anisotropy energy barrier is the key to superparamagnetic
relaxation.
3.4 X-ray photoelectron spectroscopy study

To study the elemental composition and the oxidation states
of the elements present in the synthesized product, we
analyzed the sample NiFe2O4-4 by X-ray photoelectron spec-
troscopy (XPS). A typical survey scan XPS spectrum present in
Fig. 5a shows the presence of elements O 1s, Ni 2p, and Fe 2p.
The high-resolution XPS spectrum of the core level Fe 2p
NiFe2O4-4 at 300 K and (b) temperature dependence of magnetization
and zero-field-cooled (ZFC) conditions at an applied field of 500 Oe.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 X-ray photoelectron spectra of sample NiFe2O4-4: (a) survey scan, and (b) Fe 2p, (c) Ni 2p, and (d) O 1s regions.
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region (Fig. 5b) shows two broad peaks at a binding energy of
724.9 eV (Fe 2p1/2) and 711.5 eV (Fe 2p3/2) with a satellite peak
of Fe 2p3/2 at around�718.2 eV. These peaks correspond to the
presence of Fe in the Fe(III) state in the product.44 The presence
of a satellite peak further supports the absence of the Fe3O4

phase in the composite. The Fe 2p3/2 peak can further be tted
into two peaks at �712.6 and �710.4 eV which corresponds to
the presence of Fe3+ ions in both octahedral and tetrahedral
sites of NiFe2O4 respectively.44 These observations further
indicate that NiFe2O4 has a partial inverse spinel structure.
Fig. 5c shows the high-resolution XPS spectrum of core level Ni
2p where two peaks were observed at 873.4 (Ni 2p1/2) and 855.5
(Ni 2p3/2) which are accompanied by another satellite peak at
861.6 eV. The Ni 2p3/2 peak can further be tted into two peaks
at �856.2 and �854.7 eV which reveals the presence of two
This journal is © The Royal Society of Chemistry 2020
non-equivalent bonds due to two types of lattice sites, i.e.
tetrahedral and octahedral sites of NiFe2O4.44 Fig. 5d shows
the O 1s core-level spectrum, where three peaks were observed
at 529.6, 530.8, and 532.4 eV in the tted curve. The peak
found at 529.6 eV is due to O2� in the NiFe2O4 crystal lattice,
whereas the peak at 530.8 is due to the chemisorbed oxygen
associated with the surface adsorbed hydroxyl groups. The
peak at binding energy 532.4 eV is attributed to the presence of
water. A similar observation was reported earlier for NiFe2O4

thin lms deposited on a quartz substrate deposited by radi-
ofrequency magnetron sputtering.45
3.5 Oxidation of benzyl alcohol

To investigate the catalytic activity of prepared NiFe2O4 NPs,
oxidation of benzyl alcohol was chosen. For the selection of
Nanoscale Adv., 2020, 2, 5790–5802 | 5795
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Table 1 Optimization of reaction conditions for the oxidation of
benzyl alcohol in terms of solvent and oxidanta

Entry Solvent (mL) Oxidant (mL) Time (h) Yieldc (%)

1 — O2 6 Trace
2 — H2O2 (0.5) 6 Trace
3 — TBHP (0.05) 6 30
4b — TBHP (0.05) 6 Trace
5 C2H5OH (3.0) TBHP (0.05) 6 Trace
6 CH3OH (3.0) TBHP (0.05) 6 15
7 2-Propanol (3.0) TBHP (0.05) 6 42
8 CH3CN (3.0) TBHP (0.05) 3 85
9 H2O (3.0) TBHP (0.05) 6 Trace

a Benzyl alcohol¼ 1.0mmol; catalyst¼ 10mg (0.04mmol). b No catalyst
was used. c Isolated yield.

Table 2 Optimization of temperature, catalyst loading, and oxidant
amounta

Entry NiFe2O4 (mg) TBHP (mL)
Temperature
(�C) Time (h) Yieldb (%)

1 10 0.05 110 3 87
2 10 0.05 60 3 85
3 10 0.05 50 3 73
4 10 0.05 40 3 55
5 10 0.05 rt 24 �20
6 5 0.05 60 3 60
7 15 0.05 60 3 85
8 20 0.05 60 3 85
9 10 0.01 60 3 52
10 10 0.03 60 3 70
11 10 0.1 60 3 60

a Reaction conditions: benzyl alcohol: 1 mmol. b Isolated yield.
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oxidants, we tried rst the oxidation of benzyl alcohol using
different mild oxidants such as O2, H2O2, and TBHP in the
absence of any solvent. The use of molecular O2 and H2O2

shows no signicant conversion over a considerable time at 60
�C when 10 mg catalyst was used (Table 1; entry 1 and 2). The
ineffectiveness of H2O2 in this system might be due to the
possible decomposition of H2O2 over ferrite catalysts as re-
ported earlier.46 We observed that the system offers satisfactory
results with TBHP (Table 1; entry 3). So, TBHP was used as an
oxidant for the catalytic oxidation of benzyl alcohol. We also
tried to investigate whether the reaction can be performed
without a catalyst which produced a trace amount of product
Table 3 Comparison of the efficiency of the current catalyst in the oxida
non-ferrite catalysts

Entry Catalyst (Amount) Oxidant Tem

1 CoFe2O4 NPs H2O2 110
2 Supported NiFe2O4 O2 80
3 NiFe2O4 TBHP 120
4 CoFe2O4 TBHP 120
5 Nano CoFe2O4 Oxone rt
6 CuFe2O4 O2/TEMPO 100
7 CoFe2O4@SiO2 H2O2 rt
8 Nano-functionalized NiFe2O4 H2O2 80
9 PEG-NiFe2O4 NPs H5IO6 rt
10 ZrOx-MnCO3/HRG nanocomposites O2 100
11 La0.95Ce0.05MnO3 O2 120
12 Au/Sm-CeO2 O2 90
13 Polyoxometalate-based catalyst PW4/

DAIL/MIL-100(Fe)
TBHP 100

14 MnO2 NPs (calcined) TBHP 110
15 Ce0.8Zr0.2O2 TBHP 120
16 NiFe2O4 NPs TBHP 60

5796 | Nanoscale Adv., 2020, 2, 5790–5802
that undergoes further oxidation to benzoic acid (Table 1; entry
4). This result revealed the usefulness of a catalyst for the
oxidation of benzyl alcohol using TBHP as the oxidant at 60 �C.
In the next assessment, the activity of the prepared catalyst was
studied under different solvent atmospheres. So, we performed
a set of reactions in the presence of different solvents such as
ethanol, methanol, 2-propanol, acetonitrile, and water (Table 1,
entry 5 to 9). Surprisingly in acetonitrile medium maximum
activity of the catalyst was observed at 60 �C (Table 1, entry 8).
The reaction achieved a conversion yield of 85% in 3 h. Polar
tion of benzyl alcohol to benzaldehyde with a few reported ferrite and

perature (�C) Solvent Time (h)
Conversion
(%) Ref.

— 5 h >99 40
Acetonitrile — 77 36

(MW) — 2 h 46.2 48
(MW) — 2 h 88.9 48

Water 20 min 93 37
Water 24 h 95 38
Water 6 h 51.2 49
Acetonitrile 7 h 82.4 39
Water 1.5 h 98 16
Toluene 4 min �99 29
Toluene 12 h 40 32
Toluene 3 h 27.4 21
Chloroform 6 h 92 33

Alcohol 24 h 89 34
— 4 h 92.5 50
Acetonitrile 3 h 85 This work

This journal is © The Royal Society of Chemistry 2020
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Table 4 Catalytic performance in the oxidation of benzylic and aliphatic alcoholsa

Entry Alcohol Product Time (h) Conversionb (%)
Specic activity
(mmol g�1 h�1) TONc TOFd (h�1)

1 3 85 28.3 21.25 7.1

2 3 76 25.3 19.0 6.3

3 3 70 23.3 17.5 5.8

4 3 88 29.3 22.0 7.3

5 3.5 75 21.4 18.75 5.3

6 2 88 44.0 22.0 11.0

7 4 68 17.0 17.0 4.3

8 3 81 27.0 20.25 6.8

This journal is © The Royal Society of Chemistry 2020 Nanoscale Adv., 2020, 2, 5790–5802 | 5797
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Table 4 (Contd. )

Entry Alcohol Product Time (h) Conversionb (%)
Specic activity
(mmol g�1 h�1) TONc TOFd (h�1)

9 3 79 26.3 19.75 6.6

10 No reaction 24 (observation) — — — —

11 18–24 Trace amount — — —

12 No reaction 24 (observation) — — — —

13 12–24 �30 — — —

a Reaction conditions: benzyl alcohol: 1 mmol; TBHP: 0.5 mmol; NiFe2O4: 10 mg; solvent: CH3CN; temperature: 60 �C. b Isolated yield. c TON:
turnover number ¼ number of moles of substrate consumed/number of moles of catalyst. d TOF: turnover frequency ¼ TON/time of reaction in h.
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and polar protic solvents like water and ethanol showed no
satisfactory conversion (Table 1, entry 5, and 9), while methanol
and 2-propanol offered a conversion of 15 and 42% yield
respectively (Table 1, entry 6 and 7). So, we consider acetonitrile
to be the effective solvent for the proposed conversion for the
remaining study. The formation of the product was initially
conrmed by the FTIR spectra (Fig. S3 in the ESI†). In the FTIR
spectrum of pure benzyl alcohol, the broadband located at
3325.6 cm�1 could be attributed to the O–H stretching. The
band shows peaks at 2878.2 cm�1 and 1452.9 cm�1 which are
attributed to the C–H stretching and C–O–H peak respectively,
whereas, in the spectrum of the product, an intense peak
located at 1733.1 cm�1 could be observed which is attributed to
the C]O stretching of benzaldehyde. The peaks at 2850.2 and
2920.9 cm�1 are associated with C–H stretching of the aldehyde
respectively. The band located at 2959.2 cm�1 is attributed to
the C–H aromatic stretching of the aldehyde.

To investigate the effect of temperature on the catalytic
activity, we varied the temperature from room temperature to
110 �C (Table 2, entry 1–5). We observed that under similar
reaction conditions the best yield of 87% was achieved at 110 �C
in 3 h (Table 2, entry 1). However, the use of such a high
temperature violates the rule of green chemistry and so the
study is believed to be irrelevant. Optimizing and reducing the
temperature to 60 �C with the same reaction condition showed
a conversion with an 85% yield in 3 h (Table 2, entry 2). Further
reduction of temperature to 50 and 40 �C slowed down the
5798 | Nanoscale Adv., 2020, 2, 5790–5802
conversion and the calculated yield was found to be 73 and 55%
respectively aer 3 h (Table 2, entry 3, 4). When the reaction was
carried out at room temperature (26 �C), nearly 20% conversion
was observed aer 24 h (Table 2, entry 5). So the best temper-
ature was chosen as 60 �C for the remaining study. In the next
step, we optimized the reaction for the catalyst loading (Table 2,
entry 6–8) and observed that 5 mg (0.02 mmol) of the NiFe2O4

NP catalyst produces a conversion with a 60% yield under
similar reaction conditions. When the catalyst loading was
further increased to 10, 15, and 20 mg, conversion with 85%
yield was obtained at 60 �C in 3 h (Table 2). So, for the next
assessment, we xed the catalyst loading at 10 mg (0.04 mmol).
Further to nd the minimum amount of oxidant required for
satisfactory conversion, we varied the amount of oxidant from
0.01 mL (0.08 mmol) to 0.1 mL (0.8 mmol) (Table 2, entry 9–11).
We observed that 0.05 mL (0.4 mmol) of TBHP is sufficient for
the maximum conversion (Table 2, entry 2).

It is well known that t-BuOOH mediated reactions proceed
via a free radical mechanism. To prove the fact, we carried out
a reaction in the presence of a radical quencher, hydroquinone
which is an effective free radical scavenger for TBHP as reported
earlier.47 So, a set of reactions in the presence of hydroquinone
(0.5 mmol) were performed keeping all other reaction parame-
ters xed as the parent reaction. As expected, we observed that
the reaction is inhibited in the presence of the radical quencher
as no signicant product formation was noticed aer 3 h of
reaction. This observation proved that the reaction proceeds
This journal is © The Royal Society of Chemistry 2020
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through the involvement of the radical intermediate. Further, to
examine the efficiency and capability of the present protocol,
the result of the current study is compared with other related
ferrite and non-ferrite based catalyst systems (Table 3). The
comparative study revealed the effectiveness of the current
catalyst system in the selective oxidation of benzyl alcohol to
benzaldehyde under mild reaction conditions. Also, it can be
seen that most of the catalysts required support which played
a major role in the enhanced activity of the catalyst. However,
the present catalyst system attained almost similar activity
without any support materials.

To nd the general applicability and the effectiveness of the
TBHP/NiFe2O4 catalytic system, oxidations of various
substituted benzyl alcohols and a few aliphatic and heter-
oatomic alcohols were performed under the optimized
Fig. 6 Bar diagram showing the yield% of the product in different
cycles of reuse of NiFe2O4 NPs.

Fig. 7 (a) XRD pattern and (b) SEM image of the recovered NiFe2O4 NPs

This journal is © The Royal Society of Chemistry 2020
conditions and the results are shown in Table 4. It can be seen
from Table 4 that the p-substituted electron-withdrawing group
(–NO2, –Cl, and –Br) showed a greater yield of the product,
whereas the ortho andmeta substituted benzyl alcohols produce
a lower yield. This might be due to the hindrance effect at the
ortho position which causes slow oxidation of alcohol. On the
other hand, the electron-donating group (–OCH3) at the p-
position of the ring also showed a low product formation in
comparison with the electron-withdrawing group but a slightly
better yield compared to the ortho and para-substituted elec-
tron-withdrawing groups. The specic catalytic activity, turn-
over number (TON), and turnover frequency (TOF) was found to
be high for p-bromo benzyl alcohol. It was also observed that the
current optimized conditions are too mild for the oxidation of
aliphatic as well as heteroatomic alcohols (Table 4; entry 10–13)
as a trace amount or no product formation was observed with
these alcohols. The absence of conjugation in the b-position of
the hydroxyl group might be the reason for this observation as
reported earlier.29 Also, the literature reports suggest that the
oxidation of aliphatic alcohols is much more difficult than the
oxidation of aromatic alcohols.30,31,51,52 From these results, we
conclude that the experimental conditions of the present cata-
lyst system are not so favourable for the oxidation of aliphatic
alcohols but very effective for selective oxidation of benzylic
alcohols.

To check the reusability of the catalyst, rst, we separated the
catalyst magnetically using a bar magnet aer the reaction, and
the isolated products were puried by washing with water and
a water–ethanol mixture to get rid of any organic reactants or
products. The isolated mass was dried in an oven at 60 �C under
vacuum overnight. The isolated catalyst was used for new
batches of the oxidation reaction under identical reaction
conditions as discussed above. The process of isolation, puri-
cation, and the catalysis reaction were repeated for 5 cycles.
The performance of the reused catalyst was quite satisfactory up
after catalysis.

Nanoscale Adv., 2020, 2, 5790–5802 | 5799
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to the 5th cycle (Fig. 6). To study the fate of NiFe2O4 NPs during
catalysis, the solid catalyst was isolated aer the rst cycle of
reaction and dried at 60 �C under vacuum for further charac-
terization. The XRD pattern of the used NiFe2O4 NPs exhibited
similar crystalline properties with the nascent NiFe2O4 NPs
(Fig. 7a). No major change in the crystalline properties was
observed due to catalysis, although background noise could be
observed in the XRD pattern. This might be due to the low
quantity of the recovered sample. Also, the SEM image of the
recovered sample (Fig. 7b) shows the presence of uniformly
distributed spherical NiFe2O4 NPs. The results conrmed the
stability of the sample during the catalysis.
4. Conclusion

Spherical NiFe2O4 NPs of sizes below 12 nm have been prepared
by a precipitation method coupled with hydrothermal aging in
water. The formed NiFe2O4 NPs are pure and highly crystalline
possessing cubic structures. The hydrothermal aging time does
not have any inuence on the particle size andmorphology. The
NiFe2O4 NPs exhibit super-paramagnetic behavior with the
saturation magnetic moment (Ms) of 0.6 emu without any
magnetic hysteresis loop, coercivity (Hc), and remnant magne-
tization (Mr). These ferrite NPs exhibit excellent catalytic activity
in the selective oxidation of benzyl alcohol and substituted
benzyl alcohol under ambient conditions with 100% selectivity.
Being magnetic, these ferrite NPs are easily separable from the
reaction mixture with a simple bar magnet and are reusable up
to ve cycles without loss of catalytic activity.
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