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Abstract
Flower-like mesoporous NiO nanoparticles (NPs) were synthesised by surfactant-
assisted chemical precipitation process and evaluated as a catalyst for the epoxida-
tion of cyclohexene using meta-chloroperoxybenzoic acid (m-CPBA) as an oxidiz-
ing agent at room temperature and 1 atm. The mesoporous NiO (MesoNiO) showed 
an exceptional catalytic activity for the epoxidation of cyclohexene to produce 
cyclohexene oxide in the optimized conditions, exhibiting an immediate reaction 
at room temperature with high conversion (91%) and medium selectivity (53%), 
using m-CPBA/cyclohexene ratio of 1.5 in  CH3CN/CH2Cl2 (1:1 v/v) as a solvent. 
The catalytic activity of MesoNiO was compared to bulk NiO (BulkNiO). Only 
65% conversion with 58% selectivity were obtained with BulkNiO. The reusability 
of MesoNiO catalyst has been also investigated. During four successive cycles, the 
conversion of cyclohexene decreased gradually to 63% for MesoNiO and to 50% for 
Bulk NiO with a constant cyclohexene oxide selectivity for both materials.
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Introduction

In recent years, transition metal oxides (TMOs) nanoparticles (NPs) have attracted 
much attention in different fields including catalysis, [1] due to their interesting elec-
tronic, magnetic, and catalytic properties. Many reports [2] showed their good per-
formance as catalysts for different reactions in terms of reactivity, and selectivity. To 
extend the applications of TMOs NPs in catalysis many efforts have been done to 
tailor their size, to improve their morphology, and to hence their surface area. Nickel 
oxide (NiO) is one of the most promising TMOs. NiO NPs have been applied as 
heterogeneous catalyst for many organic transformations [3, 4]. Since these NPs are 
eco-friendly, inexpensive, easy to synthesis and reusable, they may be considered as 
very promising heterogeneous catalysts.

One of the most important sectors in present-day chemical industry consists of 
catalytic oxidation processes [5]. The epoxidation reaction of olefins represents an 
important and significant oxidation process for the industrial production of many 
commodity chemicals.[6, 7]. Among the most important epoxides is the cyclohex-
ene oxide, which has been used for many important applications such as the prepara-
tion of polymers, dyes, pharmaceuticals, pesticides, perfumery products [8].

In last decade, great efforts have been made to develop efficient and selective cat-
alysts for the epoxidation of cyclohexene to produce pure cyclohexene oxide. Vari-
ous type of catalysts have been developed and investigated such as supported and 
unsupported metal and metal oxides [9–14], supported and unsupported transition 
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metal complexes [15–18], clays [19, 20], polyoxometalates [21–23], metal–organic 
frameworks (MOFs) [24], N-doped carbon nanotubes [25], and enzymes [26]. How-
ever, the epoxidation of cyclohexene using metal oxides as catalysts still suffers 
from some drawbacks, such as low conversion and selectivity, low reaction rate, and 
the necessity for heating. In addition, during the catalytic epoxidation of cyclohex-
ene different side reactions can occur, such as oxidation of allylic position, epox-
ide rearrangement, ring-opening by solvolysis or hydrolysis, or even total fission of 
C=C double bond [9–11, 13, 16]. Therefore, more research work is still needed to 
develop simple and efficient catalysts for the preparation of cyclohexene oxide from 
cyclohexene with high conversion and selectivity, and in mild conditions.

In last decade, mesoporous TMOs have attracted much attention in many areas, 
such as catalysis, energy storage, and sensing [27–29]. These materials usually pos-
sess high surface area with narrow pore size distribution, which make them a versa-
tile and promising catalysts. However, only few articles reported the utilization of 
mesoporous TMOs for the epoxidation of cyclohexene.

NiO is one of the most studied TMOs. Several works have reported the synthe-
sis of mesoporous NiO with different morphologies and its applications in catalysis 
[30–32]. However, to the best our knowledge, the utilization of NiO NPs, particu-
larly with mesoporous structure, as a catalyst for the epoxidation of cyclohexene has 
not yet investigated.

Recently, we have reported the synthesis and characterization of highly ordered 
flower-like mesoporous NiO (MesoNiO) NPs and their application in photocataly-
sis [30]. This material was prepared via surfactant-assisted chemical precipitation, 
using cetyltrimethylammonium bromide (CTAB) as structure directing agent, and in 
the presence of diethanolamine (EDA) as a complexing agent.

In the current work, this flower-like MesoNiO NPs were, for the first time, applied 
as a catalyst for the epoxidation of cyclohexene in the presence of m-CPBA as oxi-
dizing agent in ambient conditions. This material catalyst has displayed an immedi-
ate reaction at room temperature, with high conversion and medium selectivity.

Experimental

Materials

Cyclohexene (99%), cyclohexene oxide (98%), m-CPBA (≤ 77%), nickel(II) ace-
tate tetrahydrate (98%), DEA (98%), CTAB (98%), ammonium hydroxide solution 
(30–33%  NH3 in  H2O), 1-propanol (99.7%), acetonitrile, and dichloromethane were 
all purchased from Sigma-Aldrich, and used without any further purification.

Synthesis of flower‑like mesoporous NiO NPs and bulk NiO (BulkNiO) powder.

Typical procedure for the synthesis of flower-like MesoNiO catalyst prepared with 
m-CPBA and the BulkNiO was described in our previous paper [30].
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Catalytic activity measurement

Procedure was adopted from the literature [17]. In a lab test tube 10 mg of MesoNiO 
or no-mesoporous NiO catalysts were dispersed in 3  mL of  CH3CN/CH2Cl2 (1:1 
v/v), then 0.06 mL (0.6 mmol) of cyclohexene were added. After stirring this mix-
ture at room temperature for 5 min, 156 mg of m-CPBA (1 equivalent, 0.9 mmol) 
was added. The mixture was stirred for 12 h at room temperature. The reaction was 
monitored by gas chromatography (GC). Samples were withdrawn from the reac-
tion mixture periodically starting immediately after the addition of m-CPBA. This 
reaction was run twice, and the average yields, conversions are presented. Leach-
ing measurement were performed by removing the filtrate after centrifugation of the 
mixture in the end of the reaction using atomic absorption spectroscopy (AAS). The 
solvent of the filtrate was evaporated in the oven at 100 °C, and nickel was extracted 
with deionized water and used for AAS. The remaining catalyst was reused four 
times, and Ni leached was measured after each cycle.

Results and discussion

As reported in our previous work, [30] the flower-like MesoNiO microspheres were 
prepared by surfactant-assisted chemical precipitation using diethanolamine (DEA) 
as a complexing agent. The surfactant used was cetyltrimethylammonium bromide 
(CTAB). The utilization of CTAB was necessary to reduce the NiO microspheres 
from 5 to 2 µm. The structure and morphology of the obtained NiO NPs were fully 
characterized in our previous work, using different techniques such as SEM, high-
resolution (HR) TEM, EDX, XRD, TGA/DTA, FT-IR, BET and DR UV–Vis. The 
mesoporosity of this material was confirmed by the  N2 adsorption–desorption meas-
urement, where the adsorption–desorption isotherm showed a type-IV isotherm 
indicating the presence of mesoporous material and surface area of 21  m2/g and pore 
size of ⁓ 6 nm. SEM micrographs illustrated clearly the fairly flower-like shape of 
the NiO microspheres with uniform size distribution (2 µm), and each microsphere 
is formed by many thin nanoflakes (10–100  nm) arranged in random directions 
(Fig. 1, micrographs A and B). Further the surface structure of nanoflakes has been 
investigated by HR-TEM. The investigation of the nanoflakes by HR-TEM showed a 
highly ordered nanostructure of NiO NPs (Fig. 1, images C and D).

The obtained MesoNiO material was used as a catalyst for the epoxidation of 
cyclohexene oxide, using m-CPBA as an oxidizing agent in  CH2Cl2/CH3CN (1:1 
v/v) at room temperature. When 1 equivalent of m-CPBA was added to the reac-
tion mixture in the presence of 10 mg of MesoNiO, the GC analysis performed after 
60 min revealed the formation of tree major products, which are cyclohexene oxide, 
2-cyclohexenone and 2-cyclohexanone, and cyclohexane-1,2-diol as a minor prod-
uct, with cyclohexene conversion of 50% (Fig. 2).

To optimize the applied oxidant/cyclohexene ratio, three reactions were per-
formed with varying the ratio from 1:1, 1.2:1 to 1.5:1 mol/mol. The reaction was 
performed for 60  min with a special attention to the first minute of the reaction. 
The obtained results are plotted in Fig.  3, which shows a fast reaction (almost 
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immediate) whatever the applied oxidant/cyclohexene ratio. The ratio 1:1 showed a 
conversion of 47.5% in the first minute and it reached 49.2% in the end of the reac-
tion. Moreover, the ratio 1.2:1 showed also a very fast conversion of cyclohexene 
(70.1%) and after 60 min the conversion reached 72.2%. Finally, when the applied 
ratio was 1.5:1, the conversion was 91% after the first minute, and it reached 95.5% 
in the end of the reaction. The selectivity of cyclohexene oxide was constant at 53% 
for the tree oxidant/cyclohexene ratios. The GC analysis performed for the imme-
diate samples revealed the formation of cyclohexene oxide as the major product 

Fig. 1  SEM a and b and HR-TEM c and d images of the flower-like Mesoporous NiO microspheres

m-CPBA, 
CH2Cl2/CH3CN
22-25 °C

NiO Catalyst
O +

OH

OH

O O

++

Fig. 2  Products identified during the oxidation of cyclohexene by MesoNiO and m-CPBA



786 Reaction Kinetics, Mechanisms and Catalysis (2020) 131:781–792

1 3

with 2-cyclohexenol as a minor product. The formation of 2-cyclohexenone and 
2-cyclohexanone observed after 60  min can be explained by the degradation of 
2-cyclohexenol [9]. Therefore, the obtained results strongly suggest that the ratio of 
1.5 oxidant: 1 cyclohexene is the perfect ratio to accomplish the reaction.

In order to investigate the role of the prepared catalyst in the epoxidation of 
cyclohexene reaction, the reaction was allowed to be performed without catalyst 
using 1.5 equivalent of m-CPBA. In the non-catalyzed reaction, the calculated yield 
(the conversion multiplied by the epoxide selectively) was zero (Fig. 4). The same 
result was obtained when the reaction was performed without m-CPBA. This result 
shows that the reaction was not performed in the absence of oxidant or the catalyst. 
However, in the presence of MesoNiO and 1.5 equivalent of m-CPBA under ambi-
ent conditions, almost 91% of cyclohexene was converted in to cyclohexene oxide 
with a selectivity of 53%. Whereas, the conversion of cyclohexene decreased to 65% 
when the reaction was catalyzed by BulkNiO with a slight increase in the selectiv-
ity (58%). The high conversion obtained with MesoNiO compared to BulkNiO is 
related to the high surface area of MesoNiO so more available active sites. However, 
the low selectivity for both materials can be attributed to a competing acid-catalyzed 
decomposition of the obtained epoxide by the formed meta-chlorobenzoic acid (m-
CBA). For MesoNiO there is an additional acid species could catalyze the decom-
position of the epoxide, which are the residual Ni-OH species remaining after the 
calcination of Ni(OH)2 which can explain the slightly low selectivity of MesoNiO 
compared to BulkNiO.

The reusability of heterogeneous catalysts is an important parameter. There-
fore, the reusability of MesoNiO catalyst was investigated, and for comparison, 
the reusability of BulkNiO was also studied, the obtained results are presented 
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Fig. 3  Cyclohexene conversion as a function of reaction time for three reactions with different m-CPBA/
cyclohexene ratio (1:1. 1.2:1 and 1.5:1), 10 mg of MesoNiO, 0.06 mL of cyclohexene, 3 mL of solvent: 
 CH3CN/CH2Cl2 (1:1 v/v), T = 22 °C, 1 atm
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in Fig.  5. After four successive cycles the catalytic activity of MesoNiO and 
BulkNiO was decreased from 91 to 63%, and from 65 to 50%, respectively. This 
result could be attributed to the relatively fragile structure of MesoNiO, its aggre-
gation and partial dissolution in the reaction. Similar behavior was observed for 
NiO NPs in the epoxidation of styrene with TBHP [27].
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Fig. 4  The calculated conversion of the cyclohexene oxidation reaction at different blank reactions. 
10 mg of NiO catalyst, 0.06 mL of cyclohexene, 156 mg of m-CPBA (1.5 equivalent), 3 mL of solvent: 
 CH3CN/CH2Cl2 (1:1 v/v), T = 22 °C, 1 atm
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Fig. 5  Reusability of MesoNiO and BulkNiO catalyst in the epoxidation of cyclohexene with m-CPBA. 
10 mg of NiO catalyst, 0.06 mL of cyclohexene, 156 mg of m-CPBA (1.5 equivalent), 3 mL of solvent: 
 CH3CN/CH2Cl2 (1:1 v/v), T = 22 °C, 1 atm
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One of the most efficient catalysts reported in the literature used for the epoxida-
tion of cyclohexene and exhibited a high conversion and selectivity are the Schiff 
base ligand complex of transition metals. Kim et al. [17] (Table 1, Entry 1) reported 
a fast and quantitative epoxidation of cyclohexene and other cycloalkenes with high 
selectivity using nickel (II) porphyrin complex as a catalyst, and m-CPBA as an oxi-
dizing agent at room temperature. However, the utilization of this catalyst in homo-
geneous conditions has many drawbacks such as difficulty in separating the catalysts 
and the product(s) form the reaction mixture, no reusability. Therefore, the hetero-
genization of theses metal complexes by incorporating them in a solid matrix will 
increase their stability, facilitate their separation and make their reusability possible. 
Gupta et al. [16] reported recently the preparation of Schiff base ligand complex of 
copper (II) supported on monolith and its catalytic activity in the epoxidation of 
cyclohexene (Entry 2). This heterogeneous catalyst exhibited a high conversion and 
selectivity, but heating the reaction mixture to 40 °C during 24 h was necessary in 
addition to difficulty to prepare the support and the catalyst, followed by the incor-
poration of the catalyst in the support. Therefore, the development of a simple an 
efficient heterogeneous catalyst is still necessary. TMOs constitute the largest fam-
ily of  catalysts  in  heterogeneous catalysis, are not expensive and easy to prepare. 
However, only few publications reported the utilization of some TMOs as catalysts 
for the oxidation of alkenes. Yoshikawa et  al. [33] reported the utilization of 1% 
 RuO2-loaded mesoporous  TiO2 as a catalyst for the epoxidation of cyclohexene, 
using  H2O2 as an oxidizing agent (Entry 3). Heating to 60 °C during 3 h was not 
enough to exceed 35% conversion. The activation of  TiO2 with  V2O5, using TBHP 
(tert-Butyl hydroperoxide) as an oxidizing agent, and increasing temperature (80 °C) 
and time (6 h) increased the conversion of cyclohexene to 48% while maintaining 
the same selectivity (Entry 4). NiO showed a catalytic activity for the epoxidation of 
cyclohexene about fifteen years ago. A BulkNiO powder was used for comparison 
purpose with porous nickel phosphate VSB-5, but exhibited a low catalytic activity 
toward the epoxidation reaction of cyclohexene using  H2O2 as an oxidant (Entry 5) 
[34]. Ebadi et al. [35] reported the utilization of NiO NPs supported on mesoporous 
MCM-41 with air at high temperature (280 °C) (Entry 6). But cyclohexene was con-
verted only to 2-cyclohexene-1-ol and 2-cyclohexene-1-one (62%), and cyclohexene 
oxide was not observed.

In this study, MesoNiO with m-CPBA has exhibited an immediate and high cat-
alytic activity toward the epoxidation of cyclohexene in ambient conditions, with 
91% conversion (Entry 7) compared to only 65% for BulkNiO powder (Entry 8), 
with medium selectivity.

Proposed mechanism

Based on previous mechanistic investigations, trapping experiments and theoreti-
cal studies of the epoxidation reactions of olefins catalyzed by late transition met-
als, using peroxycarboxylic acids such as m-CPBA as oxygen donor, this reaction 
probably operates by redox mechanism involving the formation of NiII-OOAr 
and Ni-Oxo activated species (Scheme 1), which transfer the oxygen to the olefin 
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either directly or by the intermediacy of a metallacycle, a radical, cation species, 
or via concerted transition state [17, 36–38].

Therefore, the following reaction pathway (Scheme  1, path 1) has been pro-
posed for the epoxidation reaction of cyclohexene over NiO using m-CPBA as 
oxygen donor. This reaction starts by the immediate adsorption of m-CPBA 
on the surface of NiO (MesoNiO or BulkNiO), followed by deprotonation of 
m-CPBA and formation of  NiII-OOAr intermediate. The O–O bond in  NiII-OOAr 
bond would cleave to form the activated  NiIV-Oxo and meta-chlorobenzoic acid 
(m-CBA).  NiIV-Oxo thereafter interacts with cyclohexene with eventual transfer 
of the oxygen atom to the double bond through concerted transition state. Then 
the cyclohexene oxide is formed and the catalyst is recovered.

Beside this pathway, there is a competing acid-catalyzed decomposition of the 
epoxide and the formation of cyclohexane-1,2-diol (path 2). The acid could be 
the formed m-CBA (ArOH) (path 2, A) or the remaining Ni-OH species (path 
2, B) after the formation of MesoNiO from the Ni(OH)2 precursors. Thus, the 
slightly high selectivity of BulkNiO could be explained by the absence of reac-
tion B (path 2).

CO2OH

Cl

CO2H

Cl

ArO
OH

NiII

OO

Ar

m-CPBA : ArOOH
+ ArOH

O + Ar

OH

ArOH
HO

HO

Path 2:

NiIV

Oxo

NiIV

OxoO

NiII

+ H+

+

H+

ring opening

m-CBA : ArOH

Path 1:

NiOOAr

O + Ni

OH

ArOH+

H+

A

B

Scheme 1  Possible reaction pathway of the epoxidation for cyclohexene over the NiO catalyst
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Conclusions

Flower-like Mesoporous NiO microspheres have been successfully prepared via 
surfactant-assisted chemical precipitation method. Flowers size was around 2 µm, 
with nanoflakes size ranges from 10 to 100 nm. This material has been utilized 
as a catalyst for the epoxidation of cyclohexene in  CH2Cl2/CH3CN—m-CPBA 
system with 1.5 equivalent of m-CPBA, at room temperature and at 1 atm. The 
highly ordered MesoNiO NPs have shown an immediate reaction with high con-
version (91%) and medium selectivity (53%) compared to bulk NiO which exhib-
ited only 65% conversion with 58% selectivity. The reusability of both catalysts, 
MesoNiO and BulkNiO, has been also studied. During four successive cycles, the 
conversion of cyclohexene decreased gradually from 91 to 63% for MesoNiO, and 
from 65 to 50% for BulkNiO. This decrease in the activity can be attributed to the 
relative fragility, aggregation and partial dissolution of NiO particles in the reac-
tion mixture. To overcome some drawbacks of NiO particles as catalyst, NiO will 
be incorporated and dispersed into an adequate host matrix, such as mesoporous 
silica, and the obtained results will be reported in a future work.
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