
Vol.:(0123456789)

Reaction Kinetics, Mechanisms and Catalysis (2020) 131:283–296
https://doi.org/10.1007/s11144-020-01867-9

1 3

Efficient aerobic epoxidation of olefins accelerated 
by a bifunctional  Co2Al layered double hydroxide

Xuan Dai1 · Jiayin Huang1 · Shuangling Tang1 · Xuegen Zheng2 · Ou Jiang2 · 
Xinhua Peng1

Received: 5 August 2020 / Accepted: 4 September 2020 / Published online: 10 September 2020 
© Akadémiai Kiadó, Budapest, Hungary 2020

Abstract
Co2Al layered double hydroxide  (Co2Al–LDH) could efficiently catalyze the aerobic 
epoxidation of olefin in the presence of isobutaldehyde (IBA). Various alkenes could 
transformed to its corresponding epoxide under the catalytic system and the catalyst 
showed exceptional reusability under the selected reaction conditions. The relation-
ship between catalytic performance and  Co2Al–LDH has been studied in the present 
research. The surface basicity of hydrotalcite was found to be beneficial to the reac-
tion. Based on the controlled results and kinetic study, it was found that basicity not 
only accelerate the reaction rate, but also benefit the selectivity of epoxide. A pos-
sible mechanism of the reaction was proposed based on the controlled results and 
analysis, which was assumed that the epoxides were generated through two paths 
involving acylperoxy radical and peroxyacid.
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Introduction

The epoxidation reactions play an important role in the chemical industry, 
because the epoxides are useful intermediates that can be involved in produc-
tion of raw materials for pharmaceuticals, surfactants, perfumes and epoxy resins 
[1–4]. Traditionally, the epoxidation of olefins is generally carried out with per-
oxyacids, which is expensive and generates large amounts of wastewater. Devel-
oping catalytic protocol for epoxidation using molecular oxygen as an ideal oxi-
dant is highly desirable [5]. Although homogeneous transition-metal complexes 
are widely used in the aerobic epoxidation of olefins with the co-reactant alde-
hyde, they suffer from high cost and difficulty in recovery [6].

Various heterogeneous catalysts including GFC-[Mn(L)(OH)] [5], Co-CPF-2 
[6], SBA15-[Mn (TPyP)TA] [7], Mn-Porphyrin/GO [8],  CoFe2O4@SiO2@
CPMS@Mn (III) salen complex [9] and GO*-[Mn (TPyP)OAc]+  Cl− [10] have 
been reported for the efficient selective epoxidation of alkenes in the presence 
of IBA (iso-butylaldehyde). The basicity of the catalyst from the introduced 
3-aminopropyl was reported to be conductive to increase the initial reaction rate 
and accelerated the cleavage of O–O bond to give the high oxo intermediates, 
which can react with the olefins to generate epoxides [11, 12]. Layered double 
hydroxides (LDHs) are well-known basic materials, which catalyze various reac-
tions. Therefore, we speculated that developing catalyst based on LDHs might 
give high performance in epoxidation. Some hydrotalcite-based materials includ-
ing CoPcTs–ZnAl–LDH, CoTPPS/Ni–Al LDH and  PW12/LDH [12–14], have 
been reported for epoxidation of olefins, and excellent results have been obtained. 
However, most of these catalysts are complicated to prepare, which limit their 
large-scale use. Taking the preparation of CoPcTs-ZnAl–LDH as an example. 
First, it was necessary to prepare tetra-sulfonic cobalt phthalocyanine tetra-
ammonium, and the yield was about 68%. Then, CoPcTs was intercalated into the 
layers of hydrotalcite by co-precipitation, and the process required to be carried 
out under  N2 atmosphere to ensure that it was not affected by  CO2 in the air. The 
complex preparation method greatly limits the possibility of industrial use, and at 
the same time, the intercalation samples may also face the problem of active site 
shedding. From the view of practicality, developing LDHs-based catalyst with 
simple preparation process for the aerobic epoxidation of olefins is still highly 
desirable, which can provide a vision for large-scale applications. On this basis, 
a series of hydrotalcite-like materials with different cations have been prepared 
simply by coprecipitation in the present study, and systematically investigated in 
the aerobic epoxidation of olefins.
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Experimental

Materials and methods

All the chemicals were purchased from Energy Chemical (Shanghai) Co., LTD 
and were used as received.  Ni2Al–LDH,  Co2Al–LDH, CuMgAl–LDH and 
 Mn2Al–LDH were prepared by coprecipitation method according to the reported 
previously work [15]. Taking  Co2Al–LDH as an example, a solution of NaOH 
(0.18 mol, 7.2 g) and  Na2CO3 (0.015 mol, 1.6 g) in 100 mL deionized water was 
prepared (solution A). Then, a mixture of Al(NO3)3·6H2O (0.03 mol, 9.6 g) and 
Co(NO3)2·6H2O (0.06  mol, 17.5  g) were dissolved in 100  mL deionized water 
to form solution B. Solution A and B were slowly added into 200 mL deionized 
water in a 500  mL three-neck round bottom flask with mechanical stirring at 
60 °C under air atmosphere, and the pH was kept around 9.5. After the titration, 
the resulting suspension was digested at 65 °C for 24 h. Finally, the resulting pre-
cipitate was washed to neutrality with deionized water, and then dried at 80 °C 
overnight. The  Co2Al–LDH sample was obtained in a pink powder. Other cata-
lysts with different compositions were synthesized through similar procedures.

The prepared catalysts were characterized by X-ray diffraction pattern (XRD), 
scanning electron microscopy (SEM), Fourier transform infrared (FT-IR) spectra. 
The XRD patterns of the prepared catalyst were obtained by a Bruker D8 Advance 
diffractometer with Cu  Kα radiation (λ = 1.5406 Å). Surface morphology was ana-
lyzed by scanning electron microscopy (SEM) S-4800. Fourier transform infrared 
(FT-IR) spectra was recorded on a NicoletIS-10 spectrometer using KBr as the 
reference.

Catalytic epoxidation of styrene over O2/IBA system

In general, the epoxidation of styrene was conducted in a carousel reaction tube 
under a certain flow rate of oxygen. A suspension of styrene (1  mmol), catalyst 
(50  mg), acetonitrile (2  mL), IBA (3  mmol), and naphthalene (internal standard, 
0.5 mmol), were magnetically stirring at 60 °C. Qualitative and quantitative analysis 
of the samples were performed on GC–MS (Shimadzu GCMS-2010) and GC-FID 
(Shimadzu GC-2014C).

Results and discussion

XRD pattern of the prepared hydrotalcites

The XRD pattern of the prepared hydrotalcites were depicted in Fig. 1.  Ni2Al–LDH, 
 Co2Al–LDH,  Co2MgAl–LDH.

and CuMgAl–LDH show the typical well-crystallized diffraction pattern of 
a hydrotalcite-like phase. The sharp and asymmetrical diffraction reflections 
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around 2θ = 11.3°, 22.6° and 33.9° are related to (003), (006) and (009), respec-
tively; broad and asymmetrical peak for (018) located at about 40° [16, 17]. The 
basal spacing distances of LDHs, which are actually determined by the size of the 
interlayered anions, can be calculated from the reflection (003) via Bragg’s Law. 
Values around 7.89  Å were obtained for these prepared hydrotalcite samples, 
indicating the anions in the brucite are mainly  CO3

2– and  OH–. However, hydro-
talcite structure could not be formed for MnAl sample (Fig. 1b), and only  MnCO3 
phase was obtained under the preparation conditions, which might be related to 
the Jahn–Teller effect [18]. As shown in Fig. 2 for the infrared spectrum of dffer-
ent hydrotalcites, it can be found that the samples show wide and strong band at 
about 3456 cm−1 due to the –OH stretching vibration of the interlayer hydroxyl 
group and water molecules. The absorption peak at 1637  cm−1 is the bending 
vibration of water molecules inside the hydrotalcite, and the strong stretching 
vibration at 1384  cm−1 is the carbonate anion between the interlayers. In the 
400–1000 cm−1 area, it is due to the vibration of cation-oxygen bond in hydro-
talcite. The SEM image of dfferent hydrotalcites obviously show the plate-like 

Fig. 1  a XRD patterns of different hydrotalcites. b XRD pattern of MnAl sample

Fig. 2  FTIR spectroscopy of dif-
ferent hydrotalcites
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agglomerated crystals, also demonstrating the formation of hydrotalcite structure 
(Fig. 3).

Effect of the reaction conditions

The epoxidation of styrene was selected as the probe reaction, and styrene oxide and 
benzaldehyde were the main products in the reaction. Various LDHs with different 
compositions have been studied, and the cobalt-containing layered double hydroxide 
exhibited better catalytic performance than  Ni2Al–LDH, CuMgAl–LDH as well as 
MnAl hydroxide. However, the difference in selectivity between different samples 
was not obvious. The catalytic activity of  Ni2Al–LDH was the lowest, but a rela-
tively high selectivity 81.3% was obtained. The Jahn–Teller effect of  Cu2+ greatly 
affect the stability of the hydrotalcite laminate [18]. The stability of the copper-con-
taining hydrotalcite will decrease with the increase of amount of  Cu2+. Therefore, 
 Mg2+ was added to prepare CuMgAl–LDH in the present study, a stable copper-
containing hydrotalcite structure. Nearly 80% of styrene was converted with a 75.4% 
selectivity of epoxide under the catalysis of CuMgAl–LDH. MnAl sample exhibited 
moderate catalytic activity, but the selectivity to epoxide was the lowest, suggesting 
that the unique structure of hydrotalcite was beneficial to the selectivity of epoxide. 
As shown in Table 1, the order of the catalytic activity is Co > Cu > Mn > Ni in this 
study, which is consistent with the results reported in the literature [12].

Fig. 3  SEM images of different hydrotalcites (a)  Co2Al–LDH, (b)  Co2MgAl–LDH, (c) CuMgAl–LDH, 
(d)  Ni2Al–LDH
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Several solvents were then investigated. As shown in Table 1, polar solvents were 
conducive to the improvement of conversion rate. But there was no significant dif-
ference of epoxide selectivity in different solvents. When acetonitrile was used as 
solvent, styrene was completely converted with a 84.5% selectivity of epoxide. This 

Table 1  Optimization of reaction conditions

Reaction conditions: styrene 1 mmol, catalyst 100 mg, IBA 3 mmol, solvent 2 mL, 60 °C,  O2 25 mL/min, 
3 h
a Yield of syrene oxide
b 40 °C
c 80 °C

Entry Catalyst Solvent Con. (%) Selectivity (%) Yielda (%)

1 Co2Al–LDH Acetonitrile 100 15.5 84.5 84.5
2 Ni2Al–LDH Acetonitrile 58.2 18.7 81.3 47.3
3 CuMgAl–LDH Acetonitrile 79.9 24.6 75.4 60.2
4 Mn2Al–LDH Acetonitrile 68.6 27.9 72.1 49.5
5 Co2Al–LDH DCM 50.2 30.0 70.0 35.1
6 Co2Al–LDH DMF 69.4 11.9 88.1 61.1
7 Co2Al–LDH Dioxane 48.8 23.8 76.2 37.2
8 Co2Al–LDH Nitroethane 45.6 18.5 81.5 37.2
9 Co2Al–LDH Toluene 47.2 21.7 78.3 37.0
10 Co2Al–LDH Trifluorotoluene 49.4 17.7 82.3 40.7
11 Co2Al–LDH Nitropropane 50.6 16.7 83.3 42.1
12b Co2Al–LDH Acetonitrile 71.2 28.8 71.2 50.7
13c Co2Al–LDH Acetonitrile 57.9 17.6 82.4 47.7

Fig. 4  Effect of the amount of IBA (a) and catalyst (b) on the reaction. Reaction conditions: (a) styrene 
1 mmol,  Co2Al–LDH 50 mg, acetonitrile 2 mL, 60 °C,  O2 25 mL/min. (b) Styrene 1 mmol, IBA 2 mmol, 
acetonitrile 2 mL, 60 °C,  O2 25 mL/min
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might be related to the appropriate polarity of the acetonitrile and good solubility 
for the styrene and IBA. The suitable temperature of the present system was 60 °C. 
Peroxyisobutyric acid, generated from oxidation of IBA, is unstable at high tempera-
tures, which was not conducive to styrene epoxidation. According to reported lit-
erature, peroxyacids can oxidize styrene to the epoxide. The results were still unsat-
isfactory when prolonging reaction time under 40 °C. Lower temperature might be 
benefit to the formation of benzaldehyde.

The plots of the amounts of IBA and catalyst to time are depicted in Fig. 4. All 
the results exhibit the same trend, the conversion of styrene increased with the 
prolonging of reaction time. It should be noted that the conversion of substrate 
increased when the amount of IBA increased from 2 to 3 equivalents, however, the 
epoxidations changed slightly with 4 equivalents of IBA (Fig. 4a). The conversion 
rate increased with the increase of the amount of catalyst, but when the amount of 
catalyst was further increased to 100  mg, the conversion of the substrate did not 
change significantly. 50 mg of catalyst was appropriate for the conversion of 1 mmol 
of substrate (Fig. 4b).

Subsequently, the reusability of  Co2Al–LDH in styrene epoxidation was tested 
in the  O2/IBA system. As shown in Fig. S1A, there was no significant decrease in 
activity and selectivity of the catalyst after five repeated experiments. The XRD pat-
terns showed that the structure of the catalyst was completely preserved after sev-
eral reuses (Fig. S1B) indicating that  Co2Al–LDH was stable under the selected 
conditions.

Co2Al–LDH showed outstanding catalytic performance in the epoxidation of sty-
rene by  O2/IBA system, which seems to be prior to some reported results [19–23]. 
Encouraged by the obtained result, the catalytic performance of  Co2Al–LDH/
O2/IBA system for epoxidation of other olefins was further investigated under the 
selected reaction conditions (Table  2). α-methylstyrene was oxidized with 99.3% 
conversion and the corresponding acetophenone was formed as the major by-prod-
uct (entry 2). 99% p-methylstyrene was converted within 2.5 h (entry 3), while lower 
reaction rate was observed for p-fluorostyrene (entry 4), and prolonged reaction time 
was required. These results indicated that the electron-donating substituents at the 
para position can accelerate epoxidation, while electron-withdrawing substituents 
are opposite.

When cyclohexene was used as the substrate, it led to lower epoxide yield com-
pared with cyclooctene, which should be due to the less hoop tension of cyclooctene 
than cyclohexene. Good results could also be obtained under the optimized condi-
tions for the other cycloolefine (entry 7). Apparently, increasing the length of linear 
olefins triggered lower epoxides [24]. To our delight, 1-octene was epoxidized in 
good conversion and selectivity with 4 equation of IBA by prolonging the reaction 
time to 7 h (entry 9). 2,3,5-trimethylcyclohexa-2,5-diene-1,4-dione was epoxidized 
slowly with 64% conversion, suggesting that electron-withdrawing substituents 
restrained the epoxidation (entries 10). Under the same condition, the epoxidation of 
α-pinene has obtained almost a quantitative yield of epoxide, which is a significant 
commodity in polymers and fine chemicals (entries 11) [25, 26]. In conclusion, the 
present catalytic system can be applied to the selective epoxidation of various ole-
fins to the corresponding epoxides under optimized conditions.
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The relationship between catalytic performance and  Co2Al–LDH was further stud-
ied, and a series of controlled experiments have been conducted. The results showed 
that the substrate could transfer to some extent in the absence of catalysts (Table 3, entry 
1). However, the conversion of styrene and the selectivity of the epoxide were reduced 

Table 2  Catalytic epoxidation of varied olefins under  Co2Al–LDH

Entry Substrate t (h) Product Conv. (%) Sel. (%) Yielda

(%)

1 3 >99 84.5 84.5

2 3.5 >99 85 85.0

3 2.5 >99 88 88.0

4 6 97 91 88.3

5 3.5 98 93 91.1

6 3 96 99 95.0

7 3.5 >99 99 99.0

8 4 97 99 96.0

9 7 79 99 78.2

10 b 10 64 97 62.1

11 3 >99 99 99.0
CH3

H3C

H3C

CH3

H3C

H3C
O

Reaction conditions: substrate 1 mmol,  Co2Al–LDH 50 mg, acetonitrile 2 mL, 60 °C, IBA 3 mmol,  O2 
25 mL/min
a Yield of the corresponding epoxides
b 4 equations of IBA was used
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without the catalyst. The results suggested that  Co2Al–LDH could accelerate the con-
version of olefins as well as increase the selectivity of the epoxide. No transformation 
could be observed without IBA (entry 2), indicating the crucial role of IBA. Co(NO3)2 
gave 84% conversion of styrene while the selectivity of the epoxide was only 33.3% 
(entry 3), indicating that Co(NO3)2 was more conducive to the generation of benzalde-
hyde. Besides,  Mg2Al–LDH could not accelerate the reaction while gave high selectiv-
ity of the epoxide (entry 4), which might be related to the surface basicity. These results 
implied that cobalt was the active center. In addition,  Co2Al–LDH exhibited higher 
catalytic activity than Co(NO3)2, as well as the higher epoxide selectivity (entry 5). The 
surface basicity of the hydrotalcite might have advantage in the epoxidation of styrene. 
It is known that the addition of  Mg2+ could increase the basicity of hydrotalcite. To 

Table 3  The performance of different catalytic system in the aerobic oxidation of styrene

Reaction conditions: styrene 1 mmol,  Co2Al–LDH 50 mg, acetonitrile 2 mL, 60 °C, IBA 3 mmol,  O2 
25 mL/min, 3 h
a Yield of syrene oxide
b Without IBA
c 2 h
d Na2CO3 10 mg
e Mg2Al–LDH 10 mg
f 2 equation of BHT was added
g O2 5 mL/min
h O2 15 mL/min
i O2 30 mL/min

Entry Catalyst oxidant Conv. (%) Sel. (%) Yielda (%)

  
  

1 – O2 82 37.6 62.4 51.2
2 Co2Al–LDHb O2 – – – –
3 Co(NO3)2 O2 84.1 66.7 33.3 28.0
4 Mg2Al–LDH O2 22.6 7.2 92.8 21.0
5 Co2Al–LDH O2 100 15.5 84.5 84.5
6 Co2MgAl–LDHc O2 100 5.9 94.1 94.1
7 Co(NO3)2

d O2 87.9 47.1 52.9 46.5
8 Co2Al–LDHd O2 100 7.5 92.5 92.5
9 Co2Al–LDHe O2 100 9.5 90.5 90.5
10 Co2Al–LDHf O2 – – – –
11 Co2Al–LDH m-CPBA 67 12.8 87.2 58.4
12 Co2Al–LDHf m-CPBA 4.5 0.9 99.1 4.5
13 Co2Al–LDHg O2 87.3 38.9 61.1 53.3
14 Co2Al–LDHh O2 91.1 26.8 73.2 66.7
15 Co2Al–LDHi O2 100 15 85 85.0
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verify the speculation,  Co2MgAl–LDH was prepared and introduced into the reaction 
system under the selected conditions. To our delight, styrene was completely converted 
in 2 h with a 94% selectivity of the epoxide (entry 6).  Co2MgAl–LDH exhibited bet-
ter catalytic performance than  Co2Al–LDH. The Hammett indicator method was used 
to analyze the basic strength of the catalysts instead of  CO2–TPD analysis (tempera-
ture-programmed desorption of carbon dioxide), because LDH samples required high-
temperature pretreatment in  CO2-TPD analysis, which is bound to destroy the structure 
of the LDH samples. The data in Table 4 showed that the basicity of  Co2MgAl–LDH 
was higher than  Co2Al–LDH. To test the effect of basicity on the catalytic performance 
in the epoxidation of styrene, 10 mg  Na2CO3 was introduced to the oxidation when 
Co(NO3)2 was used as the catalyst (entry 7). Both the conversion of styrene and the 
selectivity of epoxide increased to some extent.  Co2Al–LDH with  Na2CO3 obtained 
92% selectivity of the epoxide which further confirmed the above speculation (entry 8). 
 Co2Al–LDH with  Mg2Al–LDH was further introduced into the system (entry 9), the 
selectivity of the epoxide also increased. These results further indicated that the basic-
ity of the hydrotalcite benefited the selectivity of the epoxide.  

On the other hand, the basicity of hydrotalcite may also benefit the reaction 
rate in the current system (entry 6). Kinetic study was further investigated based on 
 Co2Al–LDH and  Co2MgAl–LDH. Least squares fitting was used to obtain the relevant 
parameters. The term “least squares” means that the parameter values are determined 
for which the square of the difference between measured points and the theoretical 
function is minimal. The reliability of the values was also assessed through estimating 
the standard deviation of the parameters. The detailed methods of the least-squares fit-
ting and the calculation of standard deviation were according to literature [27]. After 
excluding the effects of internal and external diffusion (see the Supplementary Infor-
mation for the detailed information), the experiments were investigated under different 
temperatures to study the kinetic aspects of the epoxidation of styrene. The substrate 
concentration was exponential with time. The fitting results of both  Co2Al–LDH and 
 Co2MgAl–LDH indicated that the oxidation is a first order reaction. The rate constant k 
of different temperatures were obtained through least-squares fitting to the exponential 
curve (Eq. 1).

(1)C = C0 ∗ exp(−k ∗ t)

Table 4  Surface properties of 
 Co2Al–LDH and  Co2MgAl–
LDH

a 0.3 g sample dissolved in 20 mL deionized water
b 0.1 g sample dispersed in 2 mL phenolphthalein indicator (0.1 wt%) 
and titrated with 0.025 M benzoic acid ethanol solution

Catalyst pHa Basicity at 
H_ = 7.6–10.0 
(mmol/g)b

Co2Al–LDH 8.49 0.05
Co2MgAl–LDH 8.73 0.085
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“k” represents the rate constant  (min−1). “t” represents reaction time (min). “C0” is 
the intial concentration of the substrate. “C” is the measured quantity, the concentra-
tion of the substrate.

The parameters of the Arrhenius equation (Eq. 2) can be deduced from the least-
squares fitting of rate constant (k) to temperature (T).

“k” represents the rate constant  (min−1). “A” is the pre-exponential factor  (min−1). 
“Ea” represents activation energy (kJ/mol). “R” represents molar gas constant with a 
value of 8.314 J/(mol·K). “T” is the temperature (K).

The value of the apparent activation energy (Ea) and the pre-exponential factor 
(A0) of  Co2Al–LDH were 39.8 kJ/mol and 9.4 × 103 min−1, and their relative stand-
ard deviation were 0.003 and 0.031, respectively. Kinetic study of  Co2MgAl–LDH 
was also investigated by the same method, and the value of Ea and A0 were 31.4 kJ/
mol and 4.7 × 102  min−1, and their relative standard deviation were 0.004 and 
0.038, respectively. The apparent activation energy in the case of  Co2MgAl–LDH 
was lower than that of  Co2Al–LDH, indicating the higher catalytic activity of 
 Co2MgAl–LDH, which should be related to the higher bacisity of  Co2MgAl–LDH.

Discussion of mechanism

The reaction mechanism has also been preliminarily investigated. To verify the free 
radical pathway, 2,6-di-tert-butyl-4-methylphenol (BHT) was introduced into the 
reaction as a free radical scavenger. The results in Table 3 (Table 3, Entry 10) show 
that no products were generated, suggesting that the free radical species formed is 
a significant intermediate. Two main mechanistic paths were proposed by research-
ers for metal-based catalysis [28]. The oxidation of IBA was firstly initiated by the 
metal to produce isobutyryl radical, which turned into an isobutyric acrylperoxy 
radical with an oxygen molecular [29–31]. In addition to peroxyl radicals, peracid 
intermediate were also suggested as the active species [29, 30].

3-chloroperoxybenzoic acid (m-CPBA) was used in place of IBA/O2 to verity 
peroxyacid paths in the absence of catalyst (Entry 11). Both epoxides and benzalde-
hyde were observed, the results indicated that peroxyacid might be one of the inter-
mediates. Further, one equivalent of BHT was added, only the epoxides compound 
was obtained accompany with decrease of styrene conversion (Entry 12). The above 
results demonstrate that the two paths of free radicals and peroxyacid existed in the 
current system at the same time, and benzaldehyde might be generated through the 
radical path.

According to the reported literature, the formation of benzaldehyde might 
undergo two possible paths [32]. As shown in Scheme  1a, in order to determine 
the formation path of benzaldehyde, the influence of molecular oxygen flow rate on 
the selectivities of styrene oxide and benzaldehyde was studied. It is obvious that 
the selectivity of benzaldehyde increases with decreasing oxygen flow rate (Entries 

(2)k = A ∗ exp

(

−
E
a

RT

)
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13–15), which is inconsistent with path I. This result indicates that the formation of 
benzaldehyde may have passed Path II [33].

The plausible mechanism is proposed based on the obtained results and some 
literatures (Scheme  1b) [29–32].  Co2Al–LDH reacted with IBA to generate isobu 
tyryl radical (a) at first, and then combined with one molecular of oxygen to give 
an acylperoxy radical (b). The radical b could react with olefins to produce a new 
radical intermediate (d), which was supposed to play two roles. On one hand, it 
transferred to epoxides accompany with isobutyric acid. On the other hand, the radi-
cal intermediate d transferred to benzaldehyde through path II in scheme 1a. The 
acylperoxy radical could also seize a hydrogen from IBA to give peroxyacid (c). 
The epoxides were formed by the reaction of the peroxyacid with styrene through 
intermediate e.

Conclusions

In summary, bifunctional catalyst  Co2Al–LDH exhibited remarkable catalytic activi-
ties in the epoxidation of olefins. Various alkenes transformed to its corresponding 
epoxide under the  O2/IBA system and the catalyst showed exceptional reusability 
under the selected reaction conditions.  Co2MgAl–LDH exhibited higher catalytic 
activity than  Co2Al–LDH based on the kenetic experiments, which may be related 
to the higher bacisity of  Co2MgAl–LDH. It was found that basicity not only accel-
erate the reaction rate, but also benefit the selectivity of epoxide based on the con-
trolled results and kinetic study. A possible mechanism has been proposed based on 

Scheme 1  Possible paths for benzaldehyde. a A probable mechanism of the epoxidation of styrene over 
 Co2Al–LDH by  O2/IBA (b)
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the controlled experiments and analysis, which demonstrated that the epoxide was 
formed by two possible pathways involving acylperoxy radical and peroxyacid.
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