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Abstract
In this study, a new magnetic ZrFe2O4@SiO2-TCPP nanocatalyst with high efficiency was used for the oxidation of cyclohexane
to cyclohexanone (Ke) and cyclohexanol (Al). The mesoporous ZrFe2O4 nanoparticles, with a nanocauliflower structure was
synthesized via solvothermal method and it was coated with SiO2 sell by tetraethyl orthosilicate (TEOS) to fabricate the
ZrFe2O4@SiO2 core-shell. Then, this composite was modified by 5, 10, 15, 20-meso-tetrakis(4-carboxyphenyl) porphyrin
(TCPP). FT-IR, XRD, XPS, FE-SEM, EDX, TEM, VSM, BETand fluorescence analyses were used to characterize the prepared
nanomaterials. Optimization of the reaction conditions, as one of the most applicable Response Surface Methodologies (RSM),
was executed by Central Composite Design (CCD) based on the applied mathematical modeling, and the results were analyzed
by GC-Mass Analytical Testing Lab Services. The maximum Ke/Al products were 33.6 and 18.9%, respectively. Simple
separation by a magnetic field, stability and recoverability, are the advantages of this new catalyst.
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1 Introduction

Products derived from cyclohexane oxidation such as cyclo-
hexanone (Ke) and cyclohexanol (Al) are important products
because there are high demands for them. They are also im-
portant as raw materials for producing adipic acid and capro-
lactam [1].These two raw material used in the production of
fibers, nylon-6,6, food additives, and plasticizers are
manufactured by the oxidation of cyclohexanone, obtained
either by hydrogenation of phenol or, more commonly, by
the oxidation of cyclohexane [2–4].

The liquid-phase aerobic oxidation of cyclohexane to a
mixture of cyclohexanol and cyclohexanone, known as KA
oil has always been an area of intensive research [5–7]
because it is one of the key steps in the industrial

production of caprolactam and nylon [3, 8]. For this partic-
ular alteration, current industrial methods either employ co-
balt salts as catalysts or use no catalyst at all (autoxidation
at a higher temperature). However, there are several signif-
icant deficiencies associated with the current technology,
such as low conversion (~4%) and low selectivity for the
eligible product (<80%). Thus, the industrial production of
K/A oil from cyclohexane has been considered a process of
low efficiency [6, 8].

In the search for alternative pathways to produce chemical
precursors, the use of stoichiometric oxidants and catalysts
has been studied. In this context, heterogeneous catalysts
and molecular oxygen as an oxidant have received attention
in the last several years because heterogeneous semiconductor
materials allow for chemical conversions using visible light
irradiation as an energy source under ambient pressure and
temperature conditions [9, 10].

The heterogeneous catalytic oxidation reactions are pro-
posed as viable methods due to the stability, recoverability,
and reusability of the catalyst, which are still a challenge in
sustainable chemical processes development. The loading of
the catalyst on magnetic materials such as ferrites has been
proposed as an artificial procedure that makes this issue crit-
ical in chemistry [11–13].
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There are several approaches for the synthesis of ferrites such
as microwave [14], solvothermal [15], mechanochemical [16],
sonochemical [16], and wet chemical methods [17]. Recently,
solvothermal reaction, a high-pressure route, is attended for pre-
paring nano ferrites in mild temperature conditions [18]. In this
work, the ZrFe2O4 ferrite was synthesized by using the
solvothermal method as the core. The structure of ZrFe2O4 is
the same as distribution models of Fe2+, Fe3+, and Ti4+ ions in
TiFe2O4 because Zr is one of the family groups of Ti [19].

On the other hand, the coating of magnetic nanoparticles
with various materials such as metal oxides, noble metals, and
polymers improves the performance of magnetic nanoparti-
cles in different applications. For example, it provides a situ-
ation for organic molecules to attach to MNPs surface by
covalent bonds. Due to the resistance of silica (SiO2) against
the degradation, it is recognized as the best and efficient sur-
face functionalization [1, 20, 21]. The silica shell on the sur-
face of ferrite nanoparticles, not only protects the magnetic
cores from aggregating but also enables new functional
groups immobilization. TEOS, as an excellent system for uni-
form coating on nanomagnetic particles, can be hydrolyzed to
silica particles by ammonia (pH = 10–12) [22].

In this study, magnetic ZrFe2O4 nanoparticles were coated
with SiO2 as the shell, then modified by 5,10,15,20-meso-
tetrakis(4-carboxyphenyl) porphyrin (TCPP) to fabricate a
novel magnetic heterogeneous ZrFe2O4@SiO2-TCPP nano-
composite as a catalyst.

Porphyrins are known as attractive compounds in chemical
science because of its heterocyclic building blocks with a
highly π-conjugated system. It has considerable catalytic
properties due to their exciting chemical and photochemical
characteristics. The meso position of the porphyrin is one of
the most reactive centers; the substituent effect on the electro-
chemical property of porphyrins that influence the efficiency
of catalytic and electron transfer processes [23, 24]. TCPP is a
kind of porphyrin, consists of a porphin and four benzoic acid
groups. These macromolecules can be linked to magnetic ma-
terials [25], as well as to influence the electron transfer of
porphyrins [26–31].

Therefore, by these capabilities, porphyrins play an essen-
tial role in the oxidation of alcohols, sulfides, and epoxidation
of alkenes and alkanes and as a photosensitizer [32, 33]. These
biomolecules have excellent performance in cyclohexane ox-
idation. Therefore, ZrFe2O4@SiO2-TCPP nanocomposite
was applied to cyclohexane oxidation under refluxing condi-
tions and natural light in CH3CN as a solvent. The products
(Ke and Al) were evaluated by gas chromatography–mass
spectrometry (GC-MS).

The statistically essential variables of the process were
evaluated and optimized using the response surface method-
ology (RSM) based on the central composite design (CCD)
[34–37] which is used by Design of Experiments (DoE) soft-
ware; it is a statistical powerful tool for optimizing processes.

The most significant advantage of DoE software is the ability
to quickly detect how interactions between factors can affect
production efficiency and quality [38]. The results obtained
from DoE are analyzed to find which factors influence the
results in a statistically relevant manner and which of those
are interdependent.

Variables like catalyst amount, oxidant amount, and time of
the oxidation process were evaluated and optimized. The char-
acterizations of prepared materials were performed by Fourier
transform infrared (FT-IR) spectroscopy, X-ray diffraction
(XRD), X-ray photoelectron spectrometry (XPS), field emis-
sion scanning electron microscopy (FE-SEM), transmission
electron microscopy (TEM), energy dispersive spectroscopy
(EDS), nitrogen adsorption and desorption isotherms
Brunauer-Emmett-Teller (BET), vibrating sample magnetom-
eter (VSM), fluorescence and gas chromatography mass spec-
troscopy (GC-MS) techniques.

2 Experimental Section

2.1 Chemicals and Equipment

In this study, iron (ІІІ) chloride (FeCl3.6H2O), zirconium chlo-
ride (ZrCl4), ammonium acetate (NH4CH3CO2), ethylene gly-
col (C2H6O2), ethanol (C2H5OH) 96% and 99%, dry toluene
(C7H8), tetraethylorthosilicate (TEOS), cyclohexane, tert-
butyl hydroperoxide (TBHP), acetonitrile, pyrrole, propionic
acid, 4-carboxybenzaldehyde, solvents, and reagents were
purchased from Merck and Aldrich and have been used with-
out any further purification.

The functional groups of the materials were recorded by
Fourier transform infrared spectroscopy (FT-IR) on a
Shimadzu FTIR 8400S spectrophotometer with KBr pellet.
X-ray diffraction (XRD) analysis was performed on Philips
Pw 1730 X-ray diffractometer with Cu Kα radiation. X-ray
photoelectron spectrometry (XPS) measurements were carried
out with a monochromatic Al Kα (hν = 1486.6 eV) 240WX-
ray source and base pressure was 10−10 mbar which is
equipped by Germany Bestec. Company and all of the spectra
were calibrated to the binding energy of the adventitious C 1 s
peak at 284.8 eV.

The morphology of the synthesized samples was observed
by a Tescan Mira3 field emission scanning electron microsco-
py (FE-SEM). Transmission electron microscopy (TEM) was
done to determine the particle size by Philips CM30. The
elemental constituents of samples were obtained by energy-
dispersive X-ray spectroscopy (EDX) using VEGAII, Tescan,
Czech Republic instruments. The nitrogen (N2) adsorption
and desorption equipment, Brunauer-Emmett-Teller (BET)
surface areas and Barrett-Joyner-Halenda (BJH) pore sizes
were calculated on an ASAP 2020 (Micromeritics Ins.
Corp.) at liquid nitrogen. Vibrating sample magnetometer
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(VSM, MDKB, Magnetic Daghigh Kavir Co. Iran) was also
employed to measure the magnetic behavior of nanomagnetic
particles at room temperature. Spectrofluorophotometer (RF-
6000, Shimadzu) was used to characterize the optical proper-
ties of materials, for GC-MS was used a PerkinElmer Clarus
680 GC equipped coupled to a PerkinElmer Clarus SQ 8 S
mass spectrometer.

2.2 Synthesis of Mesoporous ZrFe2O4

Nanocauliflowers

First, 4 mmol (1.082 g) FeCl3.6H2O and 2 mmol (0.466 g)
ZrCl4 were dissolved in 70mL ethylene glycol under vigorous
stirring at 600 rpm for 20 min to form a clear solution. Then,
30 mmol (2.312 g) NH4CH3CO2 as a protective agent was
added into the mixture solution under an ultrasonic bath for
30min to form a dark yellow solution. Then, it was vigorously
stirred at 600 rpm for 30 min at room temperature. Next, the
mixture was sunk in a 100 mL Teflon-line stainless steel au-
toclave, fixed and kept in at 210 °C for 48 h. It was allowed to
cool down at room temperature. As a result, the black precip-
itate was collected by an external magnetic field and washed
with distilled water and ethanol several times. Finally, the
product was dried in a vacuum system at 60 °C for 12 h [15].

2.3 Synthesis of ZrFe2O4@SiO2 Nanocomposite

ZrFe2O4@SiO2 is obtained by modifying the Stober method
[22]. Typically, 45 mg as-prepared ZrFe2O4 nanocauliflowers
were dispersed in the mixture of (80 mL) ethanol and (16 mL)
distilled water in an ultrasonic bath for 20 min. Then (2 mL)
NH4OH was slowly added under vigorous magnetic stirring
for 30min (pH = 11). Next, (0.8mL) TEOSwas dropped-wise
added to the above mixture under vigorous stirring at room
temperature for 2 h. Finally, it was washed with ethanol and
distilled water for three times. The products were dried at
60 °C for 12 h in a vacuum oven.

2.4 Synthesis of ZrFe2O4@SiO2-TCPP Nanocomposite

TCPPwas prepared according to previous literature [39]. 0.2 g
ZrFe2O4@SiO2 nanocomposite was dispersed in 80 mL in
DMF by the ultrasonic bath. 0.04 g TCPP was added to the
mixture and refluxed in 150 °C for 8 h. Finally, it was washed
with ethanol and distilled water and dried in a vacuum oven
[40] (Scheme 1).

2.5 Oxidation of Cyclohexane by Central Composite
Design (CCD)

In the following experiments, the efficiency of the oxidation
process of cyclohexane to produce cyclohexanone and
cyclohexanol was evaluated under different operational

variables utilizing Response Surface Methodology (RSM)
based on Central Composite Design (CCD) [34]. The reaction
condition is 10 mmol cyclohexane, 2–11% ZrFe2O4@SiO2-
TCPP (as catalyst), 5-11 mmol TBHP (as oxidant), and 10 mL
acetonitrile (as the solvent) for 0–80 min under refluxing
conditions.

3 Results and Discussion

3.1 FT-IR Spectra of the Prepared Samples

FT-IR spectra of A) ZrFe2O4, B) ZrFe2O4@SiO2, and C)
ZrFe2O4@SiO2-TCPP are shown in Fig. 1. Peaks at 585 and
455 cm−1 belong to Fe-O and Zr-O bands, respectively. The
peaks at 3444, 1645 and 1398 cm−1 point out the presence of
O-H stretching, bending and deforming vibration of adsorbed
water [3]. At spectrum of ZrFe2O4@SiO2, the new sharp
peaks at 1090, 800 and 420 cm−1 assigned to the asymmetry
stretching, symmetric stretching and bending vibrations of Si-
O of the silica shell on the ZrFe2O4 nanocauliflowers [14, 41].

In spectra of ZrFe2O4@SiO2-TCPP, the presence of the
peak at 3200 cm−1 approve N-H bending vibration band of
pyrrole ring and at 2900 cm−1 show the C-H stretching vibra-
tion of aryl group which corresponds to FT-IR spectrum of
TCPP. Referring to the FT-IR spectrum of pure TCPP, a sharp
C=O stretching peak can be observed at 1700 cm−1 [42], but
after the TCPP molecules were chemically fixed on
ZrFe2O4@SiO2, the intensity of C=O peak significantly de-
creased and appeared at 1635 cm−1 [33, 42–44].

3.2 Structural Characterization of the Prepared
Samples

Figure 2 shows the XRD patterns of ZrFe2O4, ZrFe2O4@SiO2

and ZrFe2O4@SiO2-TCPP. It confirms that all the samples
were formed in an inverse spinel structure similar to that of
the magnetite (space group Fd3m, No. 227, with standard card
JCPDS No. 01–088-0315). The Fe+2, Fe+3and Zr+4 ions were
allocated into both the tetrahedral and octahedral void of mag-
netite phase [45]. According to the Debye–Scherrer formula,
the crystallite size of the sample is given by:

D ¼ 0:9λ=βcosθ

Where β is the full-width at half-maximum (FWHM)
value of XRD diffraction lines, the wavelength λ =
0.154056 nm and θ is the half diffraction angle of 2θ.
The crystallite size of ZrFe2O4 nanocauliflowers was
found 44.6 nm, which calculated by taking the average
of the size at its peaks. In conclusion, Zr4+ ions occupy
both the interstitial sites (tetrahedral and octahedral) by
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substituting Fe3+ ions of the spinel structure, which have
also been reported earlier [46]. The ionic radii of Zr4+

and Fe3+ are different, led to the difference in their sub-
stitution behavior such as lattice parameter and magnetic
properties [19].

The intensity of the peaks was decreased after modifica-
tion, which was attributed to the silica shell enwrapped on the
surface of particles. No extra peaks for other phases were
detected in this pattern and no redundant reaction occurred
between the core, and shell.

The crystallite size of ZrFe2O4, ZrFe2O4@SiO2, and
ZrFe2O4@SiO2-TCPP based on Scherrer equation was 41.3,
36.9, and 26.5 nm, respectively, indicated that after coating of
ferrite with SiO2, and modifying by the TCPP crystallite size
of nanostructures were decreased.

3.3 X-Ray Photoelectron Spectrometry (XPS)

ZrFe2O4 was further analyzed by XPS to determine the distri-
bution of the elements and oxidation degrees on the surface of
the sample. Figure 3 displays the XPS survey spectra of Fe2p,
Zr3d, and O1s centered at 711, 182, and 530 eV, respectively.

As shown in Fig. 4, the Fe 2p XPS spectra contained iron
revealed the presence of three types of Fe on the surface sam-
ple. Fe (II) and Fe (III) oxidation states are characterized at
709.3 and 711.2 eV, respectively. A significant shoulder at
713.9 eV is attributed to Fe in bond with oxygen and zirconi-
um, which is a characteristic peak for a non-stoichiometric
oxide [47].

The Zr 3d XPS spectra (Fig. 5) showed the exiting of Zr4+

on the surface of the sample because of Zr3d3/2, and Zr3d5/2

Scheme 1 Synthesis prosses of
ZrFe2O4@SiO2-TCPP
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Fig. 1 The FT-IR spectra of the
prepared samples (A: ZrFe2O4, B:
ZrFe2O4@SiO2 and C:
ZrFe2O4@SiO2-TCPP)
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peaks were observed at a binding energy of 182.4, and
184.7 eV, respectively [48, 49].

Moreover, the types of surface oxygen species were iden-
tified by the O1s XPS spectra, as displayed in Fig. 6. It can be
seen that the O1s curves of the mixed oxides can be fitted into
four peaks. The binding energies and relative fractions listed
in Table 1. Accordioning to literature [50, 51], the peak at
528.6 eV is ascribed to lattice oxygen atoms in a bond with
Zr and the peak at 529.9 eV is ascribed to lattice oxygen atoms
in a bond with Zr; a sharp peak OIII at 531.4 eV is assigned to
oxygen vacancies, surface adsorbed oxygen ions or OH

groups; another peak OIVat 534.3 eV is likely to be associated
with adsorbed molecular water.

3.4 Morphological Characterization of the Prepared
Samples

The microstructure of the samples can be identified by scan-
ning electron microscope (SEM, EDX mapping) tool.
Figure 7a-c indicate that ZrFe2O4 particles have been fabricat-
ed at nano size with regular shapes. Very fine ZrFe2O4 parti-
cles with an average size of 35 nm were agglomerated to form

Fig. 2 The XRD pattern of the
prepared samples

Fig. 3 XPS survey spectra of ZrFe2O4 sample Fig. 4 The Fe 2p XPS spectra of ZrFe2O4
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nanocauliflowers with an average size of 150 nm. SEM im-
ages of prepared nanocomposites indicate that following to
SiO2 coating and functionalizing (with TCPP), the average
size of nanoparticles decreased to 32 and 29 nm for
ZrFe2O4@SiO2 and ZrFe2O4@SiO2-TCPP, respectively.
Probably, it may occur due to the ultrasonic bath before im-
mobilization of SiO2 and porphyrin. Figure 7d-f shows EDX
mapping of samples, which (D) indicated the Zr, Fe and O in
the core of the composite and Fig. 7e, f shows the presence of
a layer of silica particles on the ferrite.

Figure 8 shows the typical TEM images of the
ZrFe2O4@SiO2-TCPP nanocomposite, which indicates a well-
defined core-shell mesoporous nanostructure. Ethylene glycol
and ammonium acetate play essential roles in the self-
assembly of the nanocrystals and fabrication of monodisperse
finemetal oxides [52]. On the other hand, the acetate ions absorb
on the surface of the excellent size nanocrystals of Zr ferrite
(about 6 nm) that inhibit the further growth of nanocrystals

(Fig. 9). The surface energy of these tiny subunits is too high.
To reduce their surface, spherical energy aggregation should
happen through a strong surface tension force. The force of
electrostatic repulsion and surface tension, balance to form of
mesoporous ZrFe2O4 nanocauliflowers [53].

3.5 Elemental Analysis of ZrFe2O4 and ZrFe2O4@SiO2

The elemental composition of mesoporous ZrFe2O4

nanocauliflowers and ZrFe2O4@SiO2 obtained using
energy-dispersive X-ray spectroscopy (EDX). As be seen in
Fig. 10, EDX pattern of ZrFe2O4 nanocauliflowers shows the
peaks of Fe, Zr, Si and O elements and approved the presence
of iron and zirconium in the molar ratio of 2:1. These results
confirmed the existence of SiO2 on the ZrFe2O4 surface.
Furthermore, the molar ratio of SiO2 to ZrFe2O4 was 10:1,
which confirmed by the XRF analysis of samples.

3.6 Nitrogen Adsorption and Desorption Isotherms
of ZrFe2O4 and ZrFe2O4@SiO2-TCPP

The specific surface area and pore volume data of the meso-
porous ZrFe2O4 nanocauliflowers and ZrFe2O4@SiO2-
TCPP composite were characterized using the N2 sorption
method, with a typical isotherm shown in Fig. 11 Data ob-
tained by BET demonstrated type IV isotherms, also showed
large surface areas for the ZrFe2O4 and ZrFe2O4@SiO2-
TCPP composite (431 and 978 m2g−1, respectively). These
values are relatively large compared to other reported meso-
porous ferrite structures [54]. The uniform pore sizes of the
ZrFe2O4 and ZrFe2O4@SiO2- TCPP were found to be
5.8635 and 4.5345 nm, respectively. The decreasing particle
size of composite rather than pure ferrite can lead to the
decrease of pore size and increase of surface area and pore
volume of the nanocomposite. The pore volume of ZrFe2O4

and ZrFe2O4@SiO2- TCPP composite were calculated
0 . 5812 and 0 . 9692 cm3 / g , r e s p e c t i v e l y. The

Fig. 5 The Zr 3d XPS spectra of ZrFe2O4

Fig. 6 The O1s XPS spectra of ZrFe2O4

Table 1 The binding energies and relative fractions for O1s, Fe2p3/2,
and Zr 3d3/2 of the XPS spectra of ZrFe2O4

Type Binding
Energy (eV)

Area FWHM Fraction (%)

Lattice Oxygen-Zr 528.6 43.3 1.2 3

Lattice Oxygen -Fe 529.9 134.8 1.4 9

O III 531.4 1352.1 2.9 85

OIV 534.3 32.6 1.4 3

Fe (II) 709.3 91.7 2.0 26

Fe (III) 711.2 178.7 2.5 50

O2/Fe/Zr 713.9 83.2 1.9 24

Zr 3d3/2 182.4 483.7 2.4 64

Zr 3d5/2 184.8 270.0 2.2 36
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ZrFe2O4@SiO2-TCPP composite showed higher textural
mesoporosity, volume that facilitates the achievement in its
area of the scaffold-confined mesoporosity, and modifying
its catalytic properties.

3.7 Magnetic Properties of the Prepared Samples

The magnetic properties of mesoporous ZrFe2O4

nanocauliflowers were measured at room temperature by

Fig. 7 The SEM images and EDX mapping of (a, d) ZrFe2O4, (b, e) ZrFe2O4@SiO2 and (c, f) ZrFe2O4@SiO2-TCPP

Fig. 8 The TEM images of ZrFe2O4@SiO2-TCPP
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using VSM in an external magnetic field ranging from −8 kOe
to 8 kOe and compared with the coated material (SiO2 and
TCPP) as the shell which is synthesized, ZrFe2O4@SiO2 and
ZrFe2O4@SiO2-TCPP (Fig. 12).

The saturation magnetization (Ms) value, extracted
from the corresponding hysteresis loop, from the uncoat-
ed ferrite sample at 300 K is 18.3 emu/g. Ms. decreased
for the coated samples as expected to be 12.4 and

5.7 emu/g for ZrFe2O4@SiO2 and ZrFe2O4@SiO2-
TCPP, respectively, it demonstrates that SiO2 and TCPP
successfully wrapped ZrFe2O4 nanocauliflowers. By
coating the silica on ferrite, the Fe ions tend to bond
with silica (Fe-O-Si); thus, the magnetic moment of Fe
ions would get diminished [55]. For the same reason, the

Fig. 9 Proposed mechanism for
the formation of mesoporous Zr
ferrite particles

Fig. 10 The EDX analysis of ZrFe2O4 and ZrFe2O4@SiO2

Fig. 11 a N2 adsorption–desorption isotherms and (b) pore size
distributions from the desorption branches through the BJH method of
ZrFe2O4 and ZrFe2O4@SiO2-TCPP
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presence of TCPP causes a decrease in the magnetic
properties of the nanomagnetic particles. However, their
magnetic properties are still significant for the separation
of these particles (as a catalyst) by using an external
magnetic field [11].

The coercivity (Hc) values are little increased in the
range of 50 Oe for the bare magnetite nanocauliflowers
t o 100 and 100 Oe fo r Z rFe 2O4@SiO2 and
ZrFe2O4@SiO2-TCPP respectively. This increasing can be
occurred due to the shrinking of ferrite nanoparticles after
immobilizing of SiO2 and functionalizing with TCPP. The
high coercivity of the nanoparticles could be caused by
the magnetic moments of the nanoparticles, which are
pined by the SiO2, and TCPP. These evidences confirm
the magnetic field direction as a result of single-domain
nanoparticles [42, 56].

3.8 Fluorescence Spectra of the Prepared Samples

The fluorescence spectra of the prepared samples are shown in
Fig. 13, providing more evidence to form the nanocomposite of
ZrFe2O4@SiO2-TCPP. The emission spectra of all prepared
samples have shown emission peak at 430 nm (excitation peaks
at 400 nm). After immobilizing TCPP onZrFe2O4@SiO2 nano-
composite (ZrFe2O4@SiO2-TCPP), two peaks at 663 and
733 nm appeared which complied with peaks corresponded to
pure TCPP. It predicts the binding of the porphyrin to the sur-
face of nanocomposite [57].

3.9 Catalytic Study

The oxidation of cyclohexane in the liquid phase has been
studied by ZrFe2O4@SiO2-TCPP as catalysts (Scheme 2).

Fig. 12 Themagnetization curves
of the prepared samples

Fig. 13 The fluorescence of the
prepared samples
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Oxidation of cyclohexane was performed through initial
experiments. The Central Composite Design (CCD) was used
to optimize the reaction condition for the oxidation method.
This approach will also be useful in economic terms. The 20
data analyses were performed using Design-Expert trial 7.0.0.
Table 2 shows a reasonable range of each variable.

The statistical method used to optimize the three main op-
erational variables, including ZrFe2O4@SiO2-TCPP by w%
as catalyst (A), TBHP by mmol as oxidant (B) and time of
reaction by min (C) for maximum (Ke/Al) products.
Accordingly, 20 experiments were determined by the model-
ing approach and the percentage of (Ke / Al) (Table 3).

By this method, to the analysis of variance (ANOVA) de-
termines the adequacy of the model in addition to the signif-
icance and magnitude of the main effect and interaction of
factors (See Tables 4, 5). A p value that is less than 0.05 in
the ANOVA table showed the statistical significance of an
effect at 95% confidence level. Also, F-value was applied to
evaluate the statistical the significance of all terms in the poly-
nomial equation at 95% confidence interval [34].

The model F-value of 7.9 for cyclohexanone and of 12.7
cyclohexanol indicates that the model is significant. The
values ≥0.050 demonstrate that the model terms are not sig-
nificant. For example, in the case of oxidation of cyclohexane,
catalyst (A), oxidant (B) and time (C) interactions AB, AC,
BC, A*2, B*2, C*2 are significant conditions of models.

The lack of Fit (LOF) is the variety of data around the fitted
model. The non-concurrence between the proposedmodel and
experimental data is not favorable and makes the LOF signif-
icant [34]. According to our results (Tables 3, 4), the LOF of
the p value for cyclohexanone and cyclohexanol are 0.2076
and 0.0937, respectively. These data demonstrate that LOF is
not significant compared to the pure error that indicates the
suitability of the model with the experimental data.

As following, based on the CCD method, a mutual rela-
tionship between the percentage of (Ke/Al) and independent
variables of A, B and C were acquired:

Ke% ¼ 11:96þ 11:04 A–0:14Bþ 3:11Cþ 3:07B2

Al% ¼ 3:71þ 4:97A–1:02Bþ 1:16C–2:04ABþ 1:45A2

3.9.1 Interaction of Operational Variables

The three-dimensional (3-D) curves were used to construe the
interaction of operational variables. In 3-D plots, the simulta-
neous interaction of two variables on the response was evalu-
ated, while the other two variables were constant at their cen-
ter points.

Figure 14a-c show the interaction of three variables to pro-
duce the cyclohexanone (Ke), (a) shows the interaction be-
tween oxidant (mmol) and catalyst (w%). The low curvature
of the graph showed the low impact of these two variables, so
by increasing the amount of catalyst, the percentage of Ke will
increase. However, the amount of mmoles of oxidant does not
affect. (b) shows the interaction of time and catalyst (w%),
while the other operational variable, including oxidant was
kept constant at 11 mmol. The low curvature of the graph
shows the low impact of these two variables according to
the time chart, it has a little effect on the percentage of Ke,
while the catalyst has a high effect on the percentage of it at
60min and catalyst 11% the highest amount of Ke is obtained.
In (c) The interaction of time and oxidant (mmol) is consid-
ered. The curvature of the graph shows the high impact of
these two variables. The highest amount of Ke is obtained in
the amount of oxidant 11 mmol and time of 60 min. In fact, by
increasing the time and oxidant, the percentage of Ke produc-
tion increases.

Figure 14d-f show these three variables to produce the
cyclohexanol (Al). (d) The interaction between catalyst and
oxidant is considered. Low curvature showed the low impact
of these two variables, 5 mmol oxidant with 11% catalyst
has the highest alcohol content. According to the graph, the
amount of oxidant on the percentage of alcohol is negligible,
while the percentage of the catalyst has a significant impact
on the percentage of Al production. The effect of interaction
with two variables of catalyst and time shows that the time
has little impact on alcohol content, but the effect of cata-
lysts in alcohol production is high, so the time in 60 min and

Scheme 2 The oxidation of cyclohexane by using ZrFe2O4@SiO2-TCPP

Table 2 Experimental factors and levels with responses for oxidation of
cyclohexane according to the Central Composite Design (CCD)

Code Variable Range

-1 0 +1 -α +α

A ZrFe2O4@SiO2-TCPP (w%) 5 8 11 2 14

B TBHP (mmol) 5 8 11 2 14

C Time (min) 20 40 60 0 80
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the catalyst in 11% produced the most amount of Al. Also,
Fig. 14f considered the effect of the interaction of oxidant
and time. Which indicates the great effect of these two var-
iables on each other. So, the time is 60 min and the oxidant

is 11 mmol have the most significant impact on Al produc-
tion. Accordingly, it is essential to choose an optimum
amount of variables to economize the oxidation process of
cyclohexane.

Table 3 Oxidation of cyclohexane by Central Composite Design (CCD)

Runa ZrFe2O4@SiO2-TCPP (w%) Oxidant
TBHP (mmol)

Time (min) Cyclohexanone (mol%) Cyclohexanole (mol%) Conversion (mol%)b

1 8.00 8.00 40.00 10.2 3.32 6.14

2 5.00 11.00 60.00 0 0 0

3 8.00 8.00 40.00 16.71 3.53 6.01

4 8.00 8.00 40.00 9.92 5 4.21

5 5.00 5.00 20.00 0 0 0

6 11.00 5.00 20.00 25.3 14.5 8.09

7 5.00 5.00 60.00 0 0 0

8 11.00 5.00 60.00 32.2 14.5 9.00

9 8.00 8.00 0.00 8.34 4.29 5.08

10 14.00 8.00 40.00 30.2 18.9 12.54

11 8.00 8.00 40.00 9.64 2.43 4.95

12 8.00 8.00 80.00 25.54 7.23 4.43

13 5.00 11.00 20.00 0 0 0

14 11.00 11.00 20.00 25.1 0 4.04

15 8.00 8.00 40.00 10.1 4.21 3.41

16 2.00 8.00 40.00 0 0 0

17 8.00 14.00 40.00 23.9 0 4.13

18 8.00 2.00 40.00 25.6 0 2.99

19 11.00 11.00 60.00 33.6 12.65 15.63

20 8.00 8.00 40.00 1.94 6.74 2.20

21 – 11 60.00 0.6 0.5 0.3

a Reaction conditions: 10 mmol Cyc, 2–11% ZrFe2O4@SiO2-TCPP, 5–11 mmol TBHP, 0–80 min and 10 mL acetonitrile by refluxing temperature.
b Conversions were calculated by resulting the GC-Mass

Table 4 ANOVA for response
surface quadratic model for
cyclohexanone

Source Sum of Squares df Mean Square F – Value p value Prob > F

Model 2473.13 9 274.79 7.90 0.0017 significant

A-cat 1949.22 1 1949.22 56.00 < 0.0001

B-oxidant 0.30 1 0.30 8.691E-003 0.9276

C-time 155.00 1 155.00 4.45 0.0610

AB 0.18 1 0.18 5.172E-003 0.9441

AC 29.64 1 29.64 0.85 0.3778

BC 0.32 1 0.32 9.194E-003 0.9255

A*2 32.98 1 32.98 0.95 0.3533

B*2 318.24 1 318.24 9.14 0.0128

C*2 64.79 1 64.79 1.86 0.2024

Residual 348.05 10 34.80

Lack of Fit 238.24 5 47.65 2.17 0.2076 not significant

Pure Error 109.80 5 21.96

Cor Total 2821.17 19

R2 = 0.9816, adjusted R2 = 0.9418, predicted R2 = 0.8045

461Silicon (2021) 13:451–465



3.9.2 Optimization and Confirmation

Optimization values obtained fromRSMof the factors such as
optimization of operational variables are of important due to
the CCD model (Table 6). The “numerical optimization” was
performed by setting response (Ke/Al (%)) to “maximum”
level. The optimization result showed that the maximum Ke/
Al product is equal to 18.9 and 33.6% with 52.5% selectivity.

3.9.3 Comparison to Other Catalysts

Table 7 shows the oxidation of cyclohexane by the other cat-
alysts in comparison with ZrFe2O4@SiO2-TCPP. In compar-
ison, entry 6, 7 and 8 the oxidation of cyclohexane was per-
formed byO2 as oxidant which the selectivity of products (Ke/
Al) were 25–85%, but the conversion of cyclohexane was not
significant [32, 64]. In entry 3, TCPP(Fe) as the homogeneous

Fig. 14 The three-dimensional (3-D) curves of operational variables for Ke/Al

Table 5 ANOVA for response
surface quadratic model for
cyclohexanol

Source Sum of Squares df Mean Square F – Value P – value Prob > F

Model 600.09 9 66.68 12.70 0.0002 significant

A-cat 394.52 1 394.52 75.16 < 0.0001

B-oxidant 16.71 1 16.71 3.18 0.1047

C-time 21.46 1 21.46 4.09 0.0707

AB 33.42 1 33.42 6.37 0.0302

AC 20.00 1 20.00 3.81 0.0795

BC 20.00 1 20.00 3.81 0.0795

A*2 45.37 1 45.37 8.64 0.0148

B*2 26.12 1 26.12 4.98 0.0498

C*2 4.45 1 4.45 0.85 0.3788

Residual 52.49 10 5.25

Lack of Fit 41.04 5 8.21 3.59 0.0937 not significant

Pure Error 11.45 5 2.29

Cor Total 652.58 19

R2 = 0.9542, adjusted R2 = 0.9341, predicted R2 = 0.8766
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catalyst by using TBHP as oxidant and mixture of CH3CN
and DMF as solvent was used. The Fe (III) located in the
porphyrin center is indeed the active site for the reaction, but
the conversion is low, this was happened due to the low sol-
ubility of TCPP in CH3CN and surprisingly, the iron porphy-
rin is almost inactive under this condition, so the conversion of
cyclohexane was low [58].

In this work the selectivity of the catalyst is 52.5% by the
ratio of oxidant/catalyst, are 11 mmol/8 w% in optimal con-
dition by DoE, and the conversion of cyclohexane is 15.63–
12.54 mol%, easily removing by an external magnet from the
reaction mixture is the substantial aspect of using this catalyst.

3.9.4 Reusability of the Nanocatalyst

This study shows that the catalyst can be used effectively for at
least 5 times and isolated easily by an external magnet after the
reaction. Figure 15 shows that there was no significant loss in
catalytic activity and selectivity.

4 Conclusions

The result of XRD shows that the size of ZrFe2O4 has de-
creased by coating the SiO2 and modifying with TCPP.
Also, the wrapping of nanoparticles with SiO2 and TCPP is
appropriate to prevent the agglomeration of ZrFe2O4 nanopar-
ticles. The BET results indicated that the nanocomposite with
high specific surface area and narrow size distribution could
be extended to synthesize mesoporous texture magnetic nano-
composites. The fabricated nanocomposite (ZrFe2O4@SiO2-
TCPP) is a suitable catalyst for oxidative reactions. Therefore,
the transferring of electrons was easily done. Porphyrin pro-
vides the electron for the oxidation reaction. As well as, the
advantages of this catalyst are easily removing by an external

Table 7 Comparison of the cyclohexane reaction by different catalysts

Entry Catalyst Conversion
(mol%)

Ke – Al (mol%) Reaction conditions Ref.

1 ZrFe2O4@SiO2-TCPP – 52.5 Reaction based on the CCD method This work

2 [FeCl2[HC(pz)3]] + Fe3O4] 0.5 4.8 Reaction conditions, unless stated otherwise: MeCN (3.0 mL),
CyH (5.0 mmol), TBHP (70% aqueous solution,10.0 mmol),
2(10 mg), 50 °C, MW (5 W)

[13]

3 TCPP(Fe) 2< – Catalyst (10 mg), DMF (1 mL) and CH3CN (1.5 mL). A
mixture of CH3CN and DMF was used due to the low
solubility of TCPP in CH3CN.

[58]

4 Manganeset (II) N, N-ethylene
bis(salicylideneaminato)

10 22 Manganese (II) N,N-ethylene bis(salicylideneaminato) Mn
complex (0.04 mmol), TBHP (4 mmol) and cyclohexane
(40 mmol) were taken. Catalyst:oxidant:substrate molar
ratio 1:100:1000. Reaction time 3 h. b Yield based on
TBHP taken. Cyclohexanone yields were calculated
considering the requirement of 2 mol of TBHP to produce
1 mol of ketone

[59]

5 CeY – 1.58 Oxidation of cyclohexane with TBHP catalyzed by REY [60]

6 Co-TPP 10.65 74.27 Cyclohexane 185 mmol, catalysts 1.8 mg, 155 °C for 1 h,
oxygen pressure 1 Mpa

[61]

7 Co-SiO2 6.0 85.7 Reaction was carried out with 0.12 g of catalyst and 0.12 g
of TBHP in 15 g of cyclohexane at 388 K for 6 h
under 1.0 Mpa O2

[62]

8 Ag/Al2O3 2.7 25.4 Cyclohexane 0.1 mol, catalyst 0.042 g, O2 1.4 Mpa, 413 K,
stirrer, reaction time 3 h

[63]

Fig. 15 Reusability study of the catalyst. Reaction conditions:
cyclohexane 1.08 mL; TBHP 11 mmol ZrFe2O4@SiO2- TCPP 9%;
10 mL acetonitrile; 60 min; in refluxing temperature

Table 6 Numerical optimization of variables (catalyst (A), oxidant (B)
and time (C)) for Ke/Al

Optimal condition for responses (Ke-Al) Variables

7.06–8.89 (A) Catalyst (w%)

11–11 (B) Oxidant (mmol)

60–60 Time (min)
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magnet from the reaction medium, excellent reusability and
suitable catalyst in oxidative reactions. Besides, the maximum
selectivity of ZrFe2O4@SiO2-TCPP as a catalyst by CCD
optimization method for cyclohexanone and cyclohexanol
products was respectively 33.6% and 18.9% by the amount
of oxidant/catalyst, 11 mmol/8w% in 60 min. While the con-
version of cyclohexane in the oxidation reaction was 12–16%
under optimal condition by DoE.
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