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Abstract: A simple and efficient approach to preparing highly efficient and reusable NiO@SBA-15
nanocatalysts for the oxidation of cyclohexane to produce ketone-alcohol (KA) oil was reported. These
nanocatalysts were prepared by the dispersion of NiO NPs into SBA-15 using a coordination-assisted
grafting method. In this approach, four commercially available nickel salts were immobilized into
amino-functionalized SBA-15. After washing and calcination, four new nanocatalysts were obtained.
The high dispersion of NiO NPs into SBA-15 was confirmed by HR-TEM and XRD. Different oxidants
such as O2, H2O2, t-butyl hydrogen peroxide (TBHP), and meta-Chloroperoxybenzoic acid (m-CPBA)
were evaluated. However, m-CPBA exhibited the highest catalytic activity. Compared to different
catalysts reported in the literature, for the first time, 75–99% of cyclohexane was converted to KA
oil over NiO@SBA-15. In addition, the cyclohexane conversion and K/A ratio were affected by the
reaction time, catalyst dose, Ni content, and NiO dispersion. Moreover, NiO@SBA-15 maintained a
high catalytic activity during five successive cycles.

Keywords: cyclohexane oxidation; KA oil; monodispersed NiO NPs; amino-functionalized SBA-15;
coordination-assisted grafting method; m-CPBA

1. Introduction

The oxidation reaction of cyclohexane (CXN) is one of the most important industrial
processes. This reaction produces cyclohexanone (CXK) and cyclohexanol (CXA), which
are together known as ketone-alcohol (KA) oil. KA oil is known as the main feedstock
for the production of nylon 6 and 6,6 (Scheme 1). Because the additional oxidation of KA
oil can afford the adipic acid, which is a key monomer for the synthesis of nylon 6,6 [1].
Moreover, adipic acid is a key intermediate in industrial organic chemistry [2,3].

The current industrial process to prepare KA oil requires the utilization of manganese
or cobalt salts as homogenous catalytic systems for the oxidation of CXN. Because of the
high stability of CXN, and the high activation energy of its C-H bonds, the industrial
operating conditions for its oxidation are drastic. The industrial production of KA oil

Sustainability 2023, 15, 5817. https://doi.org/10.3390/su15075817 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su15075817
https://doi.org/10.3390/su15075817
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-8021-4505
https://orcid.org/0000-0003-4311-633X
https://orcid.org/0000-0003-0949-517X
https://orcid.org/0000-0002-5846-0662
https://orcid.org/0000-0003-1170-9130
https://orcid.org/0000-0002-4366-3256
https://orcid.org/0000-0002-6828-3874
https://orcid.org/0000-0002-7234-4924
https://doi.org/10.3390/su15075817
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su15075817?type=check_update&version=1


Sustainability 2023, 15, 5817 2 of 20

by oxidation of CXN under air or molecular oxygen requires high pressure (10–20 atm)
and elevated temperature (150–160 ◦C). However, because the suitable products, CXK
and CXA, are not much more stable than the CXN, numerous by-products can be formed
under elevated pressure and temperature. Consequently, at the high conversion of CXN,
the selectivity of KA oil decreases, which makes KA oil purification difficult and a costly
process. Therefore, to increase the KA oil selectivity to 70–85%, the conversion of CXN
must be maintained in the range of 4–6% [4]. Moreover, the utilization of a homogeneous
catalytic system, which cannot be regenerated and reused, makes the oxidation process of
CXN to prepare KA oil an inefficient and expensive industrial process.

To improve the oxidation process of CXN, many homogeneous and heterogeneous
catalytic systems have been developed in the last 20 years [5–21]. However, these catalysts
converted the CXN with low conversion (<30%) to maintain reasonable KA selectivity.
Various organometallic complexes were also evaluated as homogeneous catalysts for the
oxidation of CXN using different types of oxidants, such as t-butyl hydrogen peroxide
(TBHP) [5,6] and H2O2 [7–9]. However, the best results were reported by Alshaheri et al.,
with around 30% conversion and very high selectivity (around 98%) [9].

Due to the drawbacks of a homogeneous catalysis, such as non-possible regeneration
and reutilization of the catalyst, and difficult separation and purification of the products,
heterogeneous catalysis can be considered an ideal alternative. Therefore, numerous hetero-
geneous catalysts have been reported during the last two decades [4,10–20,22–30]. Most of
these catalytic systems are metal-based catalysts, such as Au [4,16,17,22,25,27], Ti [4,16,23],
Ag [10,19,24], Co [12,14,23,25,27,29], Mo [20], Fe [14,25,27,29], Mn [13,14,25], Cr [14,27,28],
and V [15], and even lanthanides-based catalysts such as Ce [11,27,30], La [30], Sm [30],
Dy [30], Y [30], and Gd [30]. These metals were supported in different solid matrices such
as silica [4,10,24–28], zeolites [4,12–14,22,27,29], aluminophosphates (AlPo) [15,25,27,29,30],
alumina [22], graphite [17], carbon nanotubes [18], metal oxides [19], and MOFs [20]. Ac-
cording to these reported catalytic systems, the high dispersion of the appropriate metal
NPs in a high surface area solid matrix can improve the conversion and selectivity of the
oxidation reaction of CXN. For example, Xu et al. [4] reported the utilization of titania-
doped silica-supported gold NPs (50 mg) as a catalyst under air, high pressure (1.5 MPa),
and temperature (150 ◦C). However, only 9.2% of CXN (20 mL) was transformed into
KA oil. Under similar conditions Li-Xin et al. [22] reported the conversion of 10–13% of
CXN (20 mL) with high KA oil selectivity (84–87%) over alumina-supported gold (50 mg of
0.2–1.0% Au/Al2O3), using O2 as oxidant. Using SBA-15 mesoporous silica as a support of
gold NPs, and under similar conditions, Wu et al. [25] obtained 16.6% CXN conversion with
92.4% selectivity. Wang et al. [26] obtained similar results (16.9% CXN conversion, 93% KA
oil selectivity) using SBA-15 supported bismuth (40 mg containing 0.5, 0.8, 1.2 or 1.9 wt%
of Bi in Bi-SBA-15) with 8 mL of CXN, using O2 as oxidant. However, supported gold in
mild conditions showed lower conversion and selectivity. As reported by Enache et al. [17],
only 2–7% of CXN conversion with 10–23% KA oil selectivity was obtained when graphite-
supported gold (0.5, 1 and % of Au/graphene) was applied as a catalyst at 70 ◦C and 1 atm,
using 10 mL of CXN and 0.12 g of the catalyst, with 0.08 g of TBHP as oxidant.

All these developed catalytic systems mentioned above still have many drawbacks,
such as low CXN conversion at high KA oil selectivity, expensive or toxic metals (i.e., Au,
Cr), and high-cost processes (i.e., high temperature, high pressure). Hence, the production
of KA oil from the oxidation of CXN in mild conditions, with high CXN conversion and
KA oil selectivity, is still a concrete challenge.

Nickel is one of the most promising transition metals, as it is abundant, not toxic, and
inexpensive metal. Moreover, Ni NPs possess unique electronic, mechanical, and optical
properties that allow them to be investigated in various potential applications, including
catalysis [31–34]. Recently, Ni NPs catalysts have been used as catalysts for many chemical
transformations, such as aromatics hydrogenation [35], hydrocarbons oxidation [36–38],
synthesis gas production [39], steam reforming [40], methanation [41], hydrocarbons iso-
merization [42], and hydrocracking [43–45]. However, the reported catalytic systems
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still suffer from the low dispersion and high aggregation of Ni NPs, low conversion and
selectivity, and low stability.

The focus of this work is the development of an efficient and recyclable catalytic
system for selective oxidation of CXN to KA oil with high conversion in mild conditions.
By combining the advantages of nickel NPs (mentioned above) and SBA-15 mesoporous
silica as excellent catalyst support (i.e., high surface area, 2D hexagonal mesopores network,
narrow pore size distribution, highly ordered nanostructure, easily functionalizable surface,
and tunable pore diameter), we report here a new approach to prepare highly dispersed
NiO NPs supported on SBA-15.

As shown in Scheme 1, (3-Aminopropyl)triethoxysilane (APTES) can be easily grafted
into SBA-15, followed by the immobilization of nickel precursor [Ni] into silica surface via
Ni—NH2 coordination bonds. Then, mono-dispersed [Ni] molecules through silica surface
([Ni]@N-SBA-15) can be obtained after washing the as-made material with an appropriate
solvent to remove all free molecules of [Ni]. Finally, the desired nanocatalyst NiO@SBA-15
can be generated by calcination. Using this approach, four nanocatalysts were prepared
from four commercially available nickel precursors (i.e., nickel acetate, nickel nitrate, nickel
chloride, and nickel sulfate), fully characterized and evaluated in the oxidation reaction of
CXN to produce KA oil using different oxidants.
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Scheme 1. Synthesis approach of mono-dispersed NiO NPs into SBA-15 (NiO@SBA-15).

2. Experimental Section
2.1. Materials

SBA-15 (pore size = 8 nm, particles size ≤ 150 µm), 3-aminopropyltriethoxysilane
(APTES) (99%), absolute ethanol (99.8%), toluene (99.5%), nickel (II) nitrate (Ni(NO3)2.6H2O,)
(98.5%), nickel (II) acetate (Ni(CH3CO2)2·4H2O) (98%), nickel (II) chloride (NiCl2·6H2O)
(99.9%), nickel (II) sulfate (NiSO4·6H2O) (98%), cyclohexane (99.5%), cyclohexanone (99.8%),
cyclohexanol (99%), acetonitrile (99.9%), cylinder of molecular oxygen (O2) (99.9%), hy-
drogen peroxide solution (H2O2) 30% (wt.) in H2O, t-butyl hydrogen peroxide (TBHP)
(5.0–6.0 M in decane), meta-chloroperoxybenzoic acid (m-CPBA) (≤77%), dodecane (≥99%),
and magnesium sulfate MgSO4 (≥99.5%) were all supplied by Bayouni Trading Company
(Jeddah, Saudi Arabia), which is the representant of Sigma Aldrich (St. Louis, MO, USA),
and used without further purification.
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2.2. Synthesis of the Catalysts
2.2.1. Synthesis of Amin-Functionalized Mesoporous Silica N-SBA-15

Following a procedure reported previously by Abboud et al. [46,47]. Briefly, 2 g of a
commercial mesoporous silica SBA-15 were dispersed in 260 mL of toluene, then 0.7 mL of
APTES was added slowly. The obtained mixture was stirred between 65–70 ◦C overnight.
The obtained solid was filtered and washed thoroughly (three times) with absolute ethanol
to remove the unreacted molecules of APTES. Finally, the obtained product was dried at
80–100 ◦C for 15 h.

2.2.2. Typical Procedure for the Synthesis of Nickel Precursors Coordinated to
Amino-Functionalized SBA-15 [Ni]i@N-SBA-15

Following a method described by Abboud et al. [46,47], briefly, 1 g of the nickel
precursor [Ni]i {i = Ac for Ni(CH3CO2)2·4H2O; i = Nt for Ni(NO3)2·6H2O; i = Cl for
NiCl2·6H2O; i = Sl for NiSO4·6H2O} was dissolved in 200 mL of ethanol (ethanol/water:
100 mL/100 mL were used for NiSO4·6H2O), then 1 g of N-SBA-15 was added to the
mixture. The obtained mixture was stirred for 15 h at 90 ◦C. The desired products [Ni]i@N-
SBA-15 (i = Ac, Nt, Cl or Sl) were obtained after filtration, washing with ethanol, then
distilled water to remove all free molecules of the nickel precursor, and drying overnight at
100 ◦C.

2.2.3. Synthesis of SBA-15 Supported Nickel Oxide NiOi@SBA-15

To obtain the desired catalysts NiOi@SBA-15 (i = Ac, Nt, Cl or Sl), the four catalysts
precursors [Ni]i@N-SBA-15 were calcined under air for 5 h at 500 ◦C.

2.3. Catalytic Activity Evaluation
2.3.1. Oxidation of Cyclohexane over Bulk NiO: Conditions Optimization

To determine the optimal conditions for the oxidation of CXN, different parameters
were investigated, such as reaction temperature, catalyst dose, reaction time, and the
oxidant. For comparison purposes, unsupported bulk NiO (prepared by calcination of
nickel nitrate at 500 ◦C under air 5 h) was used as a catalyst.

To determine the best oxidant among O2, H2O2, TBHP, and meta-chloroperoxybenzoic
acid (m-CPBA), extreme conditions of the temperature (≤70 ◦C to avoid the evaporation of
CXN in solution), reaction time (24 h), and the catalyst amount (50 mg) used in the literature
for liquid phase reaction [21] were the starting point. Since the best results were obtained
with m-CPBA, other parameters were studied using m-CPBA as an oxidant. Here are the
experimental conditions used for each oxidant. Oxidation reactions were monitored by gas
chromatography (GC). The dodecane was used as an internal reference. Each oxidation
reaction was run twice, and the average conversion and selectivity were determined
and presented.

Using Hydrogen Peroxide (H2O2) as Oxidant

The oxidation of cyclohexane over bulk NiO using H2O2 was performed according
to a method described previously by Abboud et al. [48]. 2 mL (18.5 mmol) of CXN and
4.2 mL (18.5 mmol) of dodecane (internal reference) and 10 mL of acetic acid were added
to a mixture of 50 mg of NiO dispersed in 10 mL of acetic acid. After stirring the mixture
for 5 min at 70 ◦C, 2.7 mL of H2O2 was added slowly. After stirring the mixture for 24 h
at 70 ◦C, n-hexane was added to extract the organic layer. This later was dried over
MgSO4, and a sample of about 30 µL was taken, filtered in a hydrophobic membrane,
and injected in GC.

Using Molecular Oxygen (O2) as Oxidant

The oxidation of CXN over bulk NiO using molecular O2 as an oxidant was performed
in a high-pressure reactor vessel with a solvent-free process, following a modified procedure
reported by Li et al. [30]. Briefly, 12 mL of CXN, 10 mL of dodecane (reference), and 20 mg
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of bulk NiO were added into a high-pressure reactor vessel. After closing the reactor, the
temperature was increased to 140–150 ◦C (0.5 MPa) with stirring. After stirring the obtained
mixture for 24 h, the heating was turned off, and a sample of 30 µL was taken, at room
temperature, filtered via a hydrophobic membrane, and injected in GC.

Using Tert-Butyl Hydroperoxide (TBHP) as Oxidant

Following a method described previously by Enache et al. [17], 0.12 mL of CXN and
0.1 mL of dodecane (reference) were added to a mixture of 50 mg of bulk NiO dispersed in
10 mL of acetonitrile. After stirring the mixture at 70 ◦C for 5 min, 0.3 mL of the oxidant
TBHP was added. After stirring 24 h at 70 ◦C, a sample of around 30 µL was taken from
the mixture, filtered via a hydrophobic membrane, and injected in GC.

Using-Chloroperoxybenzoic Acid (m-CPBA) as Oxidant

According to a procedure described previously by Enache et al. [17], shortly, 0.12 mL
of CXN and 0.1 mL of dodecane (reference) were added to a mixture of 50 mg of bulk NiO
dispersed in 10 mL of acetonitrile. After stirring the obtained mixture at 70 ◦C for 5 min,
1.5 eq of m-CPBA (288 mg) was added all at once. After stirring the mixture at 70 ◦C for
24 h, a sample of 30 µL was taken, filtered via a hydrophobic membrane, and injected in GC.

2.3.2. The Optimization of the Oxidation of CXN over Bulk NiO Using m-CPBA

The effect of the catalyst dose, reaction temperature, and reaction time was investi-
gated using the procedure described in the part of Using meta-Chloroperoxybenzoic Acid
(m-CPBA) as Oxidant above and the values listed in the following table (see Table 1).

Table 1. Investigated values of the catalyst dose, reaction temperature, and reaction time.

Catalyst Dose (mg) Temperature (◦C) Reaction Time (h)

5, 10, 30, 50, 100 25, 40, 60, 70 ◦C 0.5, 1, 2, 4, 24

2.3.3. General Procedure Used for the Oxidation of Cyclohexane over SBA-15 Supported
NiO NPs (NiOi@SBA-15)

The oxidation of CXN over NiOi@SBA-15 using m-CPBA as oxidant was performed
following the same procedure described above for bulk NiO. Briefly, 0.12 mL of CXN and
0.1 mL of dodecane (reference) were added to a mixture of 50 mg of NiOi@SBA-15 dispersed
in 10 mL of acetonitrile. After stirring the obtained mixture at 70 ◦C for 5 min, 1.5 eq of
m-CPBA (288 mg) was added all at once. After stirring the mixture at 70 ◦C for 24 h, a
sample of 30 µL was taken, filtered via a hydrophobic membrane, and injected in GC.

Conversion (%) = 100 − Peak area of cyclohexane
Peak areas of (cyclohexane + all products)

× 100 (1)

Equation (1): Conversion of cyclohexane (CXN) calculation

Selectivity to CXK (%) =
Peak area of cyclohexanone
Peak areas of all products

× 100 (2)

Equation (2): Selectivity to cyclohexanone (CXK) calculation

Selectivity to CXA (%) =
Peak area of cyclohexanol
Peak areas of all products

× 100 (3)

Equation (3): Selectivity to cyclohexanol (CXA) calculation

2.3.4. Catalyst Reusability

The bulk NiO was recycled as a catalyst in 5 successive runs following the proce-
dure described above for m-CPBA (in the part of Using meta-Chloroperoxybenzoic Acid
(m-CPBA) as Oxidant). While only the best catalyst among NiOi@SBA-15 (i = Ac, Nt, Cl
or Sl), which provided the highest conversion of CXN, was reused in 5 successive runs
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following the method described above (Section 2.3.3). The best catalyst in this work was
NiOAc@SBA-15. Briefly, the spent catalyst of the first run was recovered by filtration
in a centrifuge, washed 3 times with CHCl3 to remove the residual products, substrate,
m-CPBA, internal reference, solvent, and meta-chlorobenzoic acid (m-CBA) produced after
the decomposition of m-CPBA. After drying overnight at 100 ◦C, the recycled catalyst is
ready to be used in the further cycle. This treatment was performed after each cycle.

2.4. Characterization Methods

The morphology of the synthesized nanomaterials was studied by a Scanning Elec-
tron Microscopy (SEM) Philips EM300, Siemens Autoscan, (Munchen, Germany), and a
Transmission Electron Microscopy (TEM) FEI Tecnai G2 F30 TEM, operating at 200 kV.
The powder X-ray diffraction (XRD) was performed on Shimadzu Lab-XRD–6000 with a
secondary monochromator and CuKα radiation. The thermal behavior of the prepared
material was studied by Thermogravimetric Analysis (TGA) and differential thermal anal-
ysis (DTA) under air, using a STARe system thermogravimetric analyzer, operating at a
rate of 50 mL of air per minute, and samples were heated at 10 K min-1 from 25 to 800 ◦C.
N2 physisorption measurements were performed in Micrometrics ASAP 2010 apparatus
(Norcross, GA, USA). The oxidation reaction of cyclohexane over the prepared nanocat-
alysts was monitored by gas chromatography (GC) type Shimadzu GC-17A, with RTX-5
column, 30 m × 0.25 mm, and 1 µm film thickness, and equipped with a flame ionization
detector. Helium was used as a carrier gas at a flow rate of 0.6 mL/min, with a total flow of
100 mL/min, injector temperature of 160 ◦C, and detector temperature of 200 ◦C. Samples
of about 30 µL were periodically withdrawn from the reaction mixture, and the volume
injected was around 1 µL. FT-IR (infrared) spectra were recorded with KBr discs on Shi-
madzu FT-IR 3600 FT spectrophotometer. The nickel content in NiO@SBA-15 nanocatalysts
was measured using the inductively coupled plasma spectrometry (ICP-AES), model 6500
(Thermo Scientific, Waltham, MA, USA).

3. Results and Discussion
3.1. Synthesis

To obtain highly dispersed and confined Ni NPs with quantized size, we developed a
new method based on the immobilization of four commercially available nickel precursors,
nickel acetate (Ac), nickel nitrate (Nt), nickel chloride (Cl), and nickel sulfate (Sl), in
the surface of the SBA-15 through coordination-assisted grafting method. Following a
procedure previously described by Abboud et al. [46,47], NiOi@SBA-15 (i = Ac, Nt, Cl, or Sl)
nanocatalysts were prepared in three main steps. In the first step, the amino-functionalized
SBA-15 (N-SBA-15) was prepared via the grafting of APTES in the SBA-15 surface. In the
second step, 1.1 eq of the nickel precursor for 1 eq of APTES was dissolved in ethanol and
incorporated into SBA-15 to be coordinated with the amine groups of APTES. Due to the
low solubility of nickel sulfate in ethanol, a mixture of EtOH/H2O (1:1 v/v) was used to
prepare [Ni]Sl@N-SBA-15. These four different nickel precursors were used in this work to
investigate the nickel precursor effect on NiO NPs’ size, distribution, and catalytic activity.
The excess of [Ni]i (free molecules) not coordinated to APTES was removed by extensive
washing using ethanol and water. In the last step, the obtained catalysts precursors [Ni]i@N-
SBA-15 (i = Ac, Nt, Cl or Sl) were calcined at 500 ◦C for 5 h under air to obtain the final
catalysts NiOi@SBA-15 (i = Ac, Nt, Cl or Sl).

3.2. Characterization

Different techniques were used to characterize N-SBA-15, catalysts precursors [Ni]i@N-
SBA-15, and the final nanocatalysts NiOi@SBA-15, such as FT-IR, BET, TEM, SEM, EDX,
TGA/DTA, XRD, and ICP.
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3.2.1. Fourier-Transform Infrared Spectroscopy (FT-IR)

The amino-functionalized SBA-15 (N-SBA-15) was synthesized following a method
reported previously by Abboud et al. [46]. The grafting of APTES into the SBA-15 surface
was confirmed by FT-IR spectroscopy (Figure S1, Table S1). The two peaks at 798 cm−1 (•)
and 1056 cm−1 (�) in the SBA-15 curve are attributed to the symmetric and asymmetric
stretching vibrations of Si–O, respectively. While the intensity of the SiO–H bending peak
(�) at about 996 cm−1 and SiO–H stretching broad peak (N) at 3464 cm−1 in the SBA-15
curve were obviously decreased in N-SBA-15, and the values are shifted to 970 cm−1 and
3428 cm−1, respectively. New bands appeared in the N-SBA-15 spectrum. The band at
2932 cm−1 corresponds to CH2 groups (#) of the APTES propyl chain, the band at 730 cm−1

is assigned to the wagging vibration of N–H (�), and the band at 1550 cm−1 is assigned to
scissoring vibration of N-H (♦). The band corresponding to the asymmetric and symmetric
stretching vibration of N-H was not observed clearly. The bands observed at 1633 cm−1

and 1637 cm−1 in the SBA-15 and N-SBA-15 samples, respectively, are attributed to the
–OH (∆) deformation band [49]. Based on these observations and according to the previous
study [46], we deduced that the grafting APTES into the SBA-15 surface was successful.

The obtained FT-IR spectra of the four catalysts precursors [Ni]i@N-SBA-15 obtained
after the incorporation of the nickel precursors [Ni]i, are presented in Figure S2 and Table S2.
The band of N-H assigned to in-plane bending (scissoring) (♦) shifted from 1550 cm−1 to a
lower frequency after the addition of nickel precursors to prepare [Ni]i@N-SBA-15. This
can be due to the formation of a coordinate bond between the vacant orbitals of the nickel
(II) ion and the lone pair electrons of NH2. In addition, the intensity of the band attributed
to C-H groups (#) at 2928 cm−1 in [Ni]Ac@N-SBA-15 spectrum increased compared to the
intensity of the same band in the N-SBA-15 spectrum. This can be due to the additional
band of CH3 groups in the acetate. Based on these findings, we concluded that the nickel
precursors [Ni]i (i = Ac, Nt, Cl, Sl) are successfully immobilized into N-SBA-15.

After the calcination of the four catalysts precursors [Ni]i@N-SBA-15 at 500 ◦C for 5 h,
all bands assigned to CH2 and NH2 disappeared (Figure 1 and Table 2). This is due to the
decomposition of all organic groups and the formation of NiOi@SBA-15 materials.
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Figure 1. FT-IR spectra of four catalysts NiOj@SBA−15 (j = AC, NT, CL, or SL). N: SiO-H stretching,
∆: SiO-H deformation,�: SiO-H bending, •: Si-O Symmetric,�: Si-O asymmetric, #: CH2 of APTES,
�: N-H out-plane bending, and ♦: N-H in-plane bending.
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Table 2. FT-IR data of the prepared catalysts NiOi@SBA-15.

Samples
υ SiO-H
Str. (NNN)
(cm−1)

υ SiO-H
Deform.

(∆) (cm−1)

υ SiO-H
Bend. (�)

(cm−1)

υ Si-O
Sym. (•)
(cm−1)

υ Si-O
Asym. (�)

(cm−1)

υ CH2
(APTES)

(#) (cm−1)

υ N-H
Out-Plane
Bend. (�)

(cm−1)

υ N-H
In-Plane
Bend. (♦)

(cm−1)

C
at

al
ys

ts

NiOAc@SBA-15 3410 1627 977 801 1056 - - -

NiONt@SBA-15 3410 1631 981 798 1060 - - -

NiOCl@SBA-15 3413 1627 988 798 1060 - - -

NiOSl@SBA-15 3417 1630 989 798 1060 - - -

str.: stretching; bend.: bending; sym.: symmetric; asym.: asymmetric.

3.2.2. Thermogravimetric Analysis and Differential Thermal Analysis of [Ni]i@N-SBA-15
(i = Ac, Nt, Cl and Sl) Precursors

Figure S3 illustrates the thermogravimetric analysis (TGA) and differential thermal
analysis (DTA) results of precursors [Ni]i@N-SBA-15 (i = Ac, Nt, Cl, and Sl). All samples
show two discrete weight losses. The first weight loss observed below 180 ◦C for all
samples’ TGA curve (Figure S3a) is attributed to the physically adsorbed water, which is
present at around 5%. This evaporation of the lattice and absorbed water is also observed
in the differential thermal analysis (DTA) (Figure S3b) by endothermic peaks. The second
weight loss was observed after 200 ◦C corresponded to the decomposition of acetate,
nitrate, chloride, sulfate, and other organic residuals, such as APTES propylamine (PA)
groups which decompose between 330 ◦C and 450 ◦C [46]. This weight loss exhibited
corresponding endothermic peaks in DTA analysis. For the precursor [Ni]Ac@N-SBA-
15, the weight loss was observed at 230–400 ◦C with maximum weight loss at 350 ◦C,
corresponding to about 4.0%. Similar thermal behavior was observed for the sulfate
precursor [Ni]Sl@N-SBA-15 at almost the same temperature range of 190–419 ◦C, with
a maximum weight loss at 350 ◦C, and with about 4.1% weight loss. For the nitrate
precursor [Ni]Nt@N-SBA-15, this weight loss occurred at the larger temperature range of
170–460 ◦C with lower maximum weight loss at 295 ◦C and around 4.2% weight loss. The
decomposition of chloride ions in precursor [Ni]Cl@N-SBA-15 occurred at 250–470 ◦C with
a maximum weight loss at 295 ◦C, corresponding to about 8.0%. The weight loss observed
up to 800 ◦C can be related to the condensation reaction between the silanol groups of the
silica surface [46].

In order to determine the nickel content with higher precision, all prepared catalysts
NiOi@SBA-15 (i = Ac, Nt, Cl, and Sl) were subjected to ICP analysis, and the obtained
results are presented in Table 3.

Table 3. Nickel content in SBA-15 supported NiO determined by ICP.

Catalysts Nickel Content (wt. %)

NiOAc@SBA-15 7.26

NiONt@SBA-15 3.66

NiOCl@SBA-15 4.03

NiOSl@SBA-15 5.55

3.2.3. X-ray Powder Diffraction (XRD)

Powder XRD was performed for samples NiOi@N-SBA-15 (i = Ac, Nt, Cl, and Sl)
and for bulk NiO to investigate the dispersion degree of NiO particles through a silica
framework. Figure 2 presents the obtained XRD patterns.
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Figure 2. XRD patterns of materials NiOi@SBA-15 (i = Ac, Nt, Cl, and Sl) and bulk NiO.

The XRD pattern of bulk NiO illustrates the main peaks of NiO at 2T = 37.31◦, 43.41◦,
62.87◦, 75.53◦, and 79.46◦, and are attributed to the planes (111), (200), (220), (311), and
(222), respectively [50]. The XRD patterns of all SBA-15 mesoporous silica-supported NiO
materials show a broad peak at about 2T = 22.6◦, which is a characteristic of amorphous
silica materials. The absence of any crystalline phases for the three materials prepared
from nickel acetate, nickel nitrate, and nickel sulfate, NiOi@N-SBA-15 (i = Ac, Nt and
Sl), indicates high dispersion of NiO particles through the silica surface. However, the
XRD pattern of the material obtained from chloride precursor NiOCl@N-SBA-15 clearly
shows the XRD pattern of NiO, indicating the low dispersion and higher aggregation of
NiO particles. This is consistent with the results obtained previously by Kaydouh and
coworkers [51].

3.2.4. N2 Adsorption/Desorption

The N2 physisorption isotherms and pore size distribution curves of the final catalysts
NiOi@SBA-15 (i = Ac, Nt, Cl, and Sl), the catalysts precursors [Ni]i@N-SBA-15, N-SBA-15,
and SBA-15 are presented in Figures 3 and 4, and Table 4.
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Figure 3. N2 physisorption isotherms (a,b) and pore size distributions (c,d) of SBA-15, N-SBA-15,
[Ni]i@N-SBA-15, NiOi@SBA-15 (i = Ac and Nt).
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Figure 4. N2 physisorption isotherms (a,b) and pore size distributions (c,d) of SBA-15, N-SBA-15,
[Ni]i@N-SBA-15, and NiOi@SBA-15 (i = Cl and Sl).
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Table 4. Textural properties of SBA-15, N-SBA-15, [Ni]Ac@N-SBA-15, NiOAc@SBA-15, [Ni]Nt@N-
SBA-15, NiONt@SBA-15, [Ni]Cl@N-SBA-15, NiOCl@SBA-15, [Ni]Sl@N-SBA-15, and NiOSl@SBA-15.

Sample SBET
(m2 g−1)

Pore Diameter
(nm)

Pore Volume
(cm3 g−1)

SBA-15 715 7.70 1.24

N-SBA-15 342 7.20 0.78

[Ni]Ac@N-SBA-15 321 4.8 0.66

NiOAc@SBA-15 450 4.8 0.86

[Ni]Nt@N-SBA-15 333 6.17 0.72

NiONt@SBA-15 434 6.17 0.81

[Ni]Cl@N-SBA-15 384 5.19 0.78

NiOCl@SBA-15 607 6.69 1.05

[Ni]Sl@N-SBA-15 334 6.03 0.66

NiOSl@SBA-15 391 6.17 0.74

After grafting APTES in the SBA-15 surface and the addition of nickel precursor [Ni]i,
followed by the calcination process, N2 physisorption results indicated the preservation of
the silica framework and mesoporosity of the prepared materials (N-SBA-15, [Ni]i@N-SBA-
15, and NiOi@SBA-15), with typical IV isotherms and an H1 hysteresis loop. The pore size
and pore volume of SBA-15 were decreased from 7.70 to 7.20 nm and from 1.24 to 0.78 cm3,
respectively, after the grafting reaction of APTES to produce N-SBA-15. (Table 4). After
the addition of nickel acetate to N-SBA-15 ([Ni]Ac@N-SBA-15), the sharp peak in the pore
size distribution curve of N-SBA-15 at 7.20 nm was transformed to a small sharp peak at
4.11 nm, and broad peak at around 5.42 nm (Figure 3b). According to the literature, the
small sharp peak and broad peak correspond to narrowed mesopores and open mesopores,
respectively (Figure S4) [52]. The apparition of the small sharp peak is probably due to the
deposition of nickel acetate at the pore entrance, while the broad peak can be attributed
to the increased loading of nickel acetate inside the pores. A similar pores distribution
shape was observed after calcination for NiOAc@SBA-15. The BJH average pore diameters
of [Ni]Ac@N-SBA-15 were found to be around 4.8 nm, which remained approximately the
same after calcination for NiOAc@SBA-15 (Table 4). The surface areas and pore volumes
of N-SBA-15 (342 m2/g, 0.78 cm3/g) and [Ni]Ac@N-SBA-15 (321 m2/g, 0.66 cm3/g) were
decreased gradually, with a shift of the capillary condensation step toward lower relative
pressures, because of a gradual decrease in the average pore diameter. However, the
surface areas and pore volumes were slightly increased again after the calcination process to
450 m2/g, 0.86 cm3/g (NiOAc@SBA-15). This is probably due to the thermal decomposition
of nickel acetate tetrahydrate (big molecule) to NiO (small molecule) with the release of
water and CO2.

All these findings indicate that APTES and nickel acetate were successfully incorpo-
rated into the SBA-15 framework, and nickel acetate was transformed to NiO.

After the addition of nickel nitrate to N-SBA-15, the surface area, average pore di-
ameter, and pore volume of the obtained material ([Ni]Nt@N-SBA-15) was decreased to
333 m2/g, 6.17 nm, and 0.72 cm3/g, respectively (Figure 3c,d and Table 4). After the
calcination process of [Ni]Nt@N-SBA-15 to produce NiONt@SBA-15, the surface areas and
pore volumes were slightly increased to 434 m2/g and 0.81 cm3/g, respectively, with no
significant change in the average pore diameter. It should be noted that the pore distribu-
tion for [Ni]Nt@N-SBA-15 and NiONt@SBA-15 remains sharp, with no broad peaks and no
narrowed mesopores. This can be explained by the small nickel loading, with the absence
of nickel deposition at the entrance of the pores in these materials.
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When nickel chloride was used as a nickel precursor, the pore size distribution pat-
terns of the obtained materials [Ni]Cl@N-SBA-15 and NiOCl@SBA-15 had two main peaks
(Figure 4b). This is probably attributed to the deposition of the metal at the pore entrance.
In addition, one of these two peaks in the pore distribution pattern of [Ni]Cl@N-SBA-15
was broad. This can be attributed to the increased loading of nickel chloride inside the
open mesopores. After the calcination process, the broad peak is replaced by a sharp peak;
this could be due to the release of Cl2 during the calcination. This can also be confirmed
by the increase in the average pore size after calcination from 5.19 nm ([Ni]Cl@N-SBA-
15) to 6.69 nm (NiOCl@SBA-15) (Table 4). Compared to N-SBA-15, the surface area and
pore volume of the obtained material ([Ni]Cl@N-SBA-15) were decreased to 384 m2/g
and 0.78 cm3/g, respectively. However, after the calcination process, the surface area, pore
size, and pore volume of the obtained material NiOCl@SBA-15 were dramatically increased
to 607 m2/g, 6.69 nm, and 1.05 cm3/g, respectively. This could be due to the release of Cl2
(a big molecule compared to CO2 and NO2 in previous precursors).

Using nickel sulfate as a nickel precursor, the surface area, pore size, and pore vol-
ume of the obtained material [Ni]Sl@N-SBA-15 were decreased to 334 m2/g, 6.03 nm,
and 0.66 cm3/g, respectively (Table 4). The pore size distribution pattern of the obtained
material [Ni]Sl@N-SBA-15 had two main peaks (Figure 4d) corresponding to open and
narrowed mesoporous, with an average pore size of 6.03 nm. After the calcination process,
the obtained material NiOSl@SBA-15 also showed two main sharp peaks in the pore size
distribution pattern, which correspond to narrowed and open mesopores. The surface area,
pore size, and pore volume of the final material (NiOSl@SBA-15) were slightly increased
to 391 m2/g, 6.17 nm, and 0.74 cm3/g, respectively (Table 4) due to the decomposition of
sulfate ions.

Scanning Electron Microscope (SEM)

The particles of amino-functionalized mesoporous silica N-SBA-15 and silica-supported
NiO materials NiOi@SBA-15 (i = Ac, Nt, Cl, and Sl) were characterized by SEM to investi-
gate their morphology. Figures 5 and 6 present the obtained micrographs. The SEM images
of all materials depict rod-like particles with particles the size of 0.5–2.0 × 0.4 µm and with
different aggregation degrees. N-SBA-15 images show a high degree of particle aggregation,
with the formation of tubular agglomerates, with different length ranges from 5 to 70 µm
(Figure 5a,b). However, after the incorporation of nickel precursors into N-SBA-15 followed
by the calcination process, most of the uniform tubular agglomerates of N-SBA-15 were
changed to smaller agglomerates of NiOi@SBA-15 with irregular shapes and different size
ranges from 1 to 30 µm (Figure 6). This is due to the absence of intermolecular hydrogen
bonds, which were present in N-SBA-15 between amines and silanol groups.
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Transmission Electron Microscopy (TEM)

Figures 7 and 8 show TEM images of NiOi@SBA-15 materials (i = Ac, Nt, Cl,
and Sl). Enlarged TEM images of all materials, except that obtained from nickel chlo-
ride (NiOCl@SBA-15), exhibited mono-dispersion of NiO NPs into the SBA-15 surface.
Despite the fact that the nickel content in NiOAc@SBA-15 (ca. 7.26%) is high compared to
other materials, NiO NPs in this material were highly dispersed. However, enlarged images
of NiOCl@SBA-15 (Figure 8a–c) show low dispersion of NiO NPs into silica framework
compared to the other three materials. These results are compatible with the XRD patterns
(Figure 2), which showed the presence of a crystalline phase of NiO in NiOCl@SBA-15
material, with the absence of any crystalline phase in the other three materials. Similar
results were observed previously by Kaydouh et al. [51]. This was probably due to the low
solubility of nickel chloride in EtOH. The NiO particle size distribution into NiOCl@SBA-15
was analyzed by ImageJ software. The obtained results are illustrated in Figure S5. The
NiO NPs diameter in NiOCl@SBA-15 ranges from 3 to 8 nm, with an average diameter



Sustainability 2023, 15, 5817 14 of 20

of about 5.53 nm. TEM images indicant the preservation of the structural integrity of the
SBA-15 matrix for all samples after the APTES grafting and the calcination process. The
enlarged TEM images of NiOSl@SBA-15 (Figure 8f), with a perpendicular view, clearly
illustrate a uniform distribution of ultra-fine NiO NPs (black spots) into the honeycomb-like
hexagonal mesopores of SBA-15. In addition, the SAB-15 framework was preserved despite
the utilization of water as a reaction and washing solvent due to the low solubility of nickel
sulfate in EtOH.
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3.3. Catalytic Activity Evaluation

In order to find the optimal conditions for the oxidation reaction of CXN over SBA-
15 supported NiO NPs nanocatalyst (NiOi@SBA-15), and for comparison purposes, un-
supported bulk NiO (prepared by calcination of nickel nitrate 5 h at 500 ◦C) was used
as a catalyst for the optimization study. The obtained results were reported recently
by Abboud et al. [48]. The highest conversion of cyclohexane and highest selectivity toward
KA oil over bulk NiO were obtained using 1.5 eq of m-CPBA as an oxidant, with 50 mg
of bulk NiO at 70 °C for 24 h, in acetonitrile as a solvent. Compared to various catalysts
reported previously, and to the best of our knowledge, for the first time, around 85% of
CXN was transformed into products, with 99% KA oil selectivity; this included about 87%
and 13% of CXK and CXA, respectively. However, the recyclability study showed low
chemical stability of bulk NiO. After five successive runs, the CXN conversion and CXK
selectivity were decreased to 63% and 60%, respectively, with a high loss of NiO dose. This
is probably due to the decomposition and aggregation of NiO particles.

Therefore, the catalytic activity of the synthesized nanocatalysts NiOi@SBA-15
(i = Ac, Nt, Cl, and St) was evaluated in the oxidation reaction of CXN using the op-
timized conditions obtained above with unsupported bulk NiO (catalyst: 50 mg; oxidant:
m-CPBA (1.5 eq); time: 24 h; T = 70 ◦C, 1 atm). The obtained results are presented in Figure 9.
Compared to results obtained with similar amounts of bulk NiO (i.e., 5 and 15 mg of bulk
NiO) [48], the conversion of CXN over SBA-15-supported NiO NPs was much higher than
that obtained with bulk NiO. A total of 99%, 85%, 75%, and 90% of CXN was converted
to KA oil using NiOAc@SBA-15 (Ni: 7.26%), NiONt@SBA-15 (Ni: 3.66%), NiOCl@SBA-15
(Ni: 4.03%), and NiOSl@SBA-15 (Ni: 5.55%) respectively, compared to 17% and 21% over 5
mg and 15 mg of bulk NiO, respectively. The high conversion obtained with NiO@SBA-15
nanocatalysts compared to bulk NiO is probably due to the higher number of active sites in
NiO@SBA-15 materials. In fact, the number of active sites can be increased by decreasing
the NiO NPs size. Thus, the lower the NiO particle size, the greater the number of active
sites and vice versa. Therefore, the high dispersion of NiO NPs into SBA-15 decreased the
particle size and increased the number of active sites, which explains the high conversion
of CXN over NiO@SBA-15 nanocatalysts compared to bulk NiO.
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The highest conversion of CXN was obtained with NiOAc@SBA-15. This can be
attributed to the mono-dispersion of NiO NPs into SBA-15 and the highest nickel content
(Ni: 7.26%) in this catalyst. The conversion of CXN was decreased to 90% and 85% over
NiOSl@SBA-15 (Ni: 5.55%) and NiONt@SBA-15 (Ni: 3.66%), respectively. These results can
be explained by the low nickel content in these two nanocatalysts compared to NiOAc@SBA-
15 (Ni: 7.26%). However, as expected, the lowest conversion (75%) was obtained with
NiOCl@SBA-15 (Ni: 4.03%). This result can be explained by the relative aggregation of
NiO NPs, which was clearly observed in the XRD pattern and TEM images of this material
(Figures 2 and 8a–c, respectively), in addition to the low nickel content in NiOCl@SBA-15
compared to NiOAc@SBA-15 (Ni: 7.26%) and NiOSl@SBA-15 (Ni: 5.55%).

The CXK and CXA selectivity was also affected by the nickel content and dispersion
degree of NiO particles. The highest selectivity toward CXK was obtained with NiOAc@SBA-
15 (73%). Further, 65% and 59% selectivity toward CXK were obtained with NiOSl@SBA-15
and NiONt@SBA-15, respectively. At the same time, only 53% of CXK was obtained when
NiOCl@SBA-15 was applied as a catalyst. These results can be explained by the conversion
of CXA to CXK over the excess of NiO NPs active sites. Therefore, the higher the nickel
content and NiO NPs dispersion, the greater the conversion of CXK to CXA.

Catalyst Recycling Investigation

In order to compare the efficiency of SBA-15-supported NiO NPs nanocatalysts
(NiOi@SBA-15) to bulk NiO, the reusability of each catalyst was studied in the same
conditions. Due to the higher conversion obtained with the nanocatalysts prepared from
the nickel acetate (NiOAc@SBA-15), this material was chosen among the four nanocatalysts
prepared in this work to investigate its catalytic activity during four successive runs. After
cycle one of the oxidations of CXN, NiOAc@SBA-15 was separated from the reaction mix-
ture by filtration using a centrifuge, then washed with chloroform three times to remove the
products and reactants materials, including the formed benzoic acid m-CBA after the degra-
dation of m-CPBA. After that, the catalyst was dried in the oven at 100 ◦C to be ready for
the next run. This process was repeated after each run. The reaction was monitored by GC
to determine the CXN conversion and the products (CXK and CXA) selectivity, according
to Equations (1)–(3) mentioned above. The obtained results are plotted in Figure 10.
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Figure 10. Recycling of NiOAc@SBA-15 as a catalyst in the oxidation reaction of CXN using m-CPBA
as an oxidant. Conditions: Catalyst: NiOAc@SBA-15, 50 mg; Oxidant: m-CPBA (1.5 eq), 0.288 g;
Solvent: 10 mL of ACN; time: 24 h, T = 70 ◦C, 1 atm.
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In this study, NiOAc@SBA-15 exhibited high stability after four successive runs com-
pared to 5 mg (Figure S6) and 50 mg [48] of bulk NiO. After four cycles, the CXN slightly
decreased from 99% to 88%. It should also be noted that the CXK and CXA selectivity
was also slightly affected. The selectivity of CXK decreased from 73% to 68%, while the
selectivity of CXA increased from 27% to 32%.

3.4. Proposed Reaction Mechanism

According to some previous mechanistic studies and theoretical predictions about the
oxidation of some hydrocarbons over transition metals [31,53,54], and based on the results
obtained in this work, we suggest the mechanism presented in Scheme 2. In this proposed
mechanism, we believe that nickel-oxo (O = Ni) and m-CBOO• are the active species that
can be formed after hemolysis of O-O bond of m-CPBA in the presence of silica-supported
NiO NPs (Scheme 2, step 1). The formed m-CBOO• attacks the C-H bond of CXN to afford
CXN• and m-CBA (step 2). CXN• species will be oxidized by a second molecule of m-CPBA
to afford CXA with the formation of another m-CBOO• radical (step 3). An amount of CXA
will be further oxidized to CXK over O = NiO@SBA-15 (step 4). The CXK/CXA ratio is
directly related to the amount of NiO NPs (active) into SBA-15. CXK/CXA ratio increases
with the amount of NiO active sites (with high NiO NPs loading and dispersion). The low
conversion of CXN to KA oil over m-CPBA without a catalyst can be attributed to the slow
transformation of m-CPBA to m-CBOO• radicals (step 5). Moreover, the small CXK/CXA
ratio in the absence of the catalyst can be due to the slow oxidation of CXA to CXK over
m-CPBA (step 6).
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4. Conclusions

In this work, a new approach was developed and applied to prepare highly dispersed
NiO NPs supported on SBA-15 mesoporous silica (NiO@SBA-15) from four commercially
available nickel precursors, nickel acetate (Ac), nitrate (Nt), chloride (Cl), and sulfate (Sl).
This approach, named as coordination-assisted grafting method, consists of immobilizing
nickel precursor into amino-functionalized SBA-15 (N-SBA-15) via a coordination bond
between the Ni (II) ions and NH2 groups. After removing all free molecules of the nickel
precursor by washing with the appropriate solvent, the obtained four catalysts precursors
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[Ni]i@SBA-15 (i = Ac, Nt, Cl, or Sl) were calcinated (500 ◦C, 5 h) to afford the four corre-
sponding nanocatalysts NiO@SBA-15 (i = Ac, Nt, Cl, or Sl). For comparison purposes, bulk
NiO was also synthesized by calcination of Ni(NO3)2. 6H2O (500 ◦C, 5 h) and used as a
catalyst. The prepared bulk NiO was also used as a catalyst to optimize the reaction condi-
tions (i.e., oxidant, reaction time, and reaction temperature). The structure, morphology,
NiO dispersion, and thermal behavior of the synthesized nanocatalysts were investigated
using different techniques, such as HR-TEM, SEM, BET, powder wide-angle XRD, FT-IR,
and TGA/DTA. The nickel content in NiOi@SBA-15 nanocatalysts was determined by ICP.
The finding revealed high dispersion of NiO NPs into samples prepared from nickel acetate,
nitrate, and sulfate. However, the aggregation of NiO particles in the sample prepared
from nickel chloride was observed in XRD patterns and TEM images. The catalytic activity
performance of these nanocatalysts was investigated in the oxidation reaction of cyclohex-
ane to produce KA oil, using O2, H2O2, TBHP, and m-CPBA as oxidants. m-CPBA showed
exceptional activity compared to other oxidants. The optimized conditions were found
to be 1.5 eq of m-CPBA at 70 ◦C for 24 h, in acetonitrile as a solvent. Compared to the
previously reported catalytic systems, for the first time, a quantitative conversion (99%) of
cyclohexane to KA oil was observed using NiOAc@SBA-15 nanocatalyst, prepared from
nickel acetate, with 2.8/1.0 K/A ratio. The catalytic investigation results showed that K/A
ratio increases with time and the catalyst dose. The NiO NPs’ size, dispersion degree, and
catalytic activity were affected by the nature of the nickel precursor and nickel content.
Moreover, the reusability of nanocatalysts was also studied. NiO@SBA-15 nanocatalysts
exhibited quasi-constant catalytic activity during five successive cycles.
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