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Abstract
A Fe embedded MgAl layered double hydroxide (MgAlFe0.4-LDH) showed excellent performances in the epoxidation of 
various olefins with O2/benzaldehyde as oxidant at mild conditions. Under optimal conditions, the olefins including terminal 
aliphatic olefins, cyclohexene and styrene were all converted to the corresponding epoxides in conversions close to 100% 
and selectivity higher than 95%. The epoxidation is accomplished in two elementary steps, which are catalytic oxidation 
of benzaldehyde to peroxybenzoic acid, and epoxidation of olefin to epoxide by peroxybenzoic acid generated in situ. The 
catalyst also exhibited good stability and recyclability. The characterization results revealed that the Fe species are present 
in the state of Fe3+ fully incorporated into the Mg/Al-LDH layers, and act as active sites in the catalyst. The embedment of 
Fe into MgAl-LDH largely increased the surface area and pore volume of Mg/Al-LDH, which is another factor enhancing 
the activity of the catalyst.
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1  Introduction

Olefin epoxidation is an important reaction of both aca-
demic and industrial interests, because epoxides can be 
ring-opened in many ways to construct complex organic 
structures [1]. For instances, epoxides as intermediates 
can be widely used in plastics, medicine, food and other 
production fields [2–4]. Traditional protocols for the 
manufacture of epoxides rely on the chlorohydrin pro-
cess, catalytic or non-catalytic epoxidation processes with 
expensive organic peroxides and peracids [5], which suffer 
from disadvantages of low product selectivity, environ-
mental pollution, unsafety, and high cost in some cases 
[6]. In contrast to the traditional non-green processes, the 
olefin epoxidation with H2O2, O2 and TBHP as oxidants 
is of great advantage to the economy and environment due 
to the cheapness of the oxidants, and H2O as a sole by-
product in principle in the cases of H2O2, O2 as oxidants, 
as well as high selectivity towards epoxides with TBHP as 
oxidant [7–9]. A variety of heterogeneous and homogene-
ous catalysts were developed for the H2O2-based epoxida-
tion, and some of which have been applied to industrial 
production [1, 10]. Various catalysts were also explored 
for the epoxidation with O2 as terminal oxidant [11–17]. 
Generally, the direct olefin epoxidation over heterogeneous 
catalysts with O2 as oxidant suffers from the disadvantages 
of harsh reaction conditions and low olefin conversion or 
epoxide selectivity [18, 19]. Homogeneous or immobi-
lized metal complexes showed good performances in the 
epoxidation with O2 at ambient conditions in the presence 
of coreductants, but these catalysts have the drawbacks 
of complicated synthesis process, poor stability, and dif-
ficult recycling [15–17]. Therefore, it is still a challenge to 
develop stable, efficient and recyclable catalysts for olefin 
epoxidation with O2.

It is noteworthy that Baeyer–Villiger oxidation reaction, 
which is commonly carried out with peracid oxidants, can 
proceed smoothly with O2/benzaldehyde instead of per-
acid oxidants at low reaction temperatures over the layered 
double hydroxides (LDHs) based catalysts [20]. In these 
cases, benzaldehyde is firstly converted to peroxybenzoic 
acid by O2 over the catalysts, then the in situ generated 
peroxybenzoic acid oxidizes ketones to esters. LDHs, also 
known as hydrotalcite compounds, are a kind of functional 
layered anionic clay materials with the general chemical 
composition [M2+

1-xM3+
x(OH)2]x+[An−]x/n·mH2O [21], 

where M2+ and M3+ are di- and trivalent metal cations, 
x represents the molar ratio of M3+/(M2+ + M3 +), and 
An− are the interlayer anions with charge n, which can be 
inorganic anions, organic anions, anionic complexes or 
biomolecules [22–24]. The LDHs-based catalysts could be 
readily obtained by embedment of metal species into the 

LDH layers, and showed good catalysis in various reac-
tions [25–27]. However, the LDHs-based catalysts were 
not very effective in the aerobic epoxidation of olefins due 
to their low epoxide selectivity in the absence of coreduct-
ants [28–31].

Inspired by the excellent results of Baeyer–Villiger oxida-
tion reaction with O2/benzaldehyde over LDHs-based cata-
lysts, herein, several LDHs-based catalysts were prepared 
by embedment of Ni, Cu, Zn, Co, Mn and Fe into MgAl 
hydrotalcite laminate by co-precipitation method, respec-
tively. The catalysts were evaluated in the olefin epoxidation 
with O2/benzaldehyde, and a catalyst MgAlFe0.4-LDH was 
found to be excellent in the reaction.

2 � Experimental

2.1 � Catalyst Preparation

All reagents were analytical grade and used as received 
without further purification. Metal salts and reagents for 
catalyst preparation were purchased from Tianjin Keruisi 
Chemical Reagent Cooperation. Solvents were provided 
by Tianjin Hengshan Chemical Technology Cooperation. 
Olefins were purchased from Chemart (Tianjin) Chemical 
Technology Cooperation.

2.1.1 � Preparation of Neat MgAl‑LDH

Neat MgAl-LDH was prepared according the proce-
dure in literature [32]. For instance, 7.69 g (0.03 mol) of 
Mg(NO3)2·6H2O and 3.75 g (0.01 mol) of Al(NO3)3·9H2O 
were dissolved in 50 mL of deionized water in a four-necked 
round bottom flask equipped with mechanical stirring, ther-
mometer and dropping funnel. An alkaline solution was pre-
pared by dissolving 3.18 g (0.03 mol) of Na2CO3 and 2.80 g 
(0.07 mol) NaOH in 60 mL of deionized water. Under strong 
agitation, the alkaline solution was added in dropwise into 
the salt solution through the dropping funnel in about 1.5 h. 
The resulting mixture was heated at 68 ℃ for 12 h with 
agitation. Then the slurry was cooled to room temperature 
and filtered to afford a white power. The white power was 
washed with a plenty of water and dried at 110 ℃ for 12 h, 
which was denoted as MgAl-LDH.

2.1.2 � Preparation of MgAlM0.3‑LDH (M = Ni, Fe, Cu, Zn, Co 
or Mn; 0.3 is the M to Mg Molar Ratio)

For the preparation of MgAlNi0.3-LDH, 0.87 g (0.003 mol) 
of Ni(NO3)2·6H2O, 7.69 g (0.03 mol) of Mg(NO3)2·6H2O 
and 3.75 g (0.01 mol) of Al(NO3)3·9H2O were dissolved 
in 50 mL of deionized water to give a salt solution. To this 
salt solution was added in dropwise an alkaline solution 
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prepared by dissolving 3.18 g (0.03 mol) of Na2CO3 and 
2.80 g (0.07 mol) NaOH in 60 mL of deionized water under 
strong agitation in about 1.5 h. The rest of procedures was 
same as those for preparing neat MgAl-LDH. Finally, a 
light green powder was obtained, which was denoted as 
MgAlNi0.3-LDH.

By replacing Ni(NO3)2·6H2O with same moles 
of Fe(NO3)3·9H2O, CuSO4·5H2O, Zn(NO3)2·6H2O, 
CoSO4·7H2O, and MnSO4·H2O, the correspond-
ing catalysts MgAlFe0.3-LDH (light yellow powder), 
MgAlCu0.3-LDH (light blue powder), MgAlZn0.3-LDH 
(white powder), MgAlCo0.3-LDH (light purple powder), 
and MgAlMn0.3-LDH(light yellow powder) were obtained, 
respectively.

2.1.3 � Preparation of MgAlFex‑LDH

According to the above procedures, several catalysts 
MgAlFex-LDH with different Fe contents (x = 0.1, 0.2, 0.3, 
0.4 and 0.5) were obtained, where x stands for the molar 
ratios of Fe to Mg.

2.1.4 � Preparation of Trivalent Co Catalyst MgAlCo0.3‑LDH‑1

The trivalent Co catalyst was prepared according the pro-
cedure in literature [33] in the material compositions of 
Co(NO3)2·6H2O 0.87 g (0.003 mol), Mg(NO3)2·6H2O 7.69 g 
(0.03 mol) and Al(NO3)3·9H2O 3.75 g (0.01 mol). The pink 
power was denoted as MgAlCo0.3-LDH-1.

2.1.5 � Preparation of Trivalent Mn Catalyst 
MgAlMn0.3‑LDH‑1

The trivalent Mn catalyst was prepared according the above 
procedure for preparing MgAlMn0.3-LDH just by replacing 
MnSO4·H2O with same moles of Mn(CH3COO)3·2H2O. 
A dark brown power was obtained, which was denoted as 
MgAlMn0.3-LDH-1.

2.2 � Characterization of Catalysts

The X-ray diffraction (XRD) patterns of the catalyst sam-
ples were taken on a Bruker D8 X-ray diffractometer with 
Ni-filtered Cu Kα radiation (150 mA, 40 kV) in the 2θ 
range of 5°-90°. Fourier transform infrared (FT-IR) spectra 
were recorded with a Bruker Vector22 FT-IR instrument. 
N2 adsorption–desorption analysis was carried out on a 
Micromeritics ASAP 2460, from which the surface areas, 
total pore volumes and pore size distributions of the samples 
were achieved. The scanning electron microscope (SEM) 
images were taken on a Quanta 4500 FEG instrument. 
The spectra of X-ray photoelectron spectroscopy (XPS) 
was recorded using an ESCALab 250Xi spectrometer with 

monochromatic Al Kα radiation. The ICP analysis was taken 
on a T.J.A. ICP-9000(N + M) type ICP-AES instrument.

2.3 � Catalytic Test

In a typical process, benzaldehyde (24 mmol), 1,2-dichloro-
ethane (40 mL), and catalyst (0.05 g) were added into a flask 
successively. The reaction mixture was stirred at 45 °C, and 
pure oxygen was bubbled into the reaction mixture at a rate 
of 10 mL/min under atmospheric pressure. After a period of 
time (induction period), olefin (8 mmol) was added in drop-
wise into the reaction mixture, and the resulted mixture was 
stirred at the same temperature until reaction completion. 
The reaction was monitored by GC equipped with a Intert-
Cap 624 capillary column (df = 30 μm, 0.53 mm × 30 m) and 
a FID detector.

2.3.1 � Warning

Electrostatic sparks caused by static or metal collision are 
strictly prohibited to avoid explosion due to the presence of 
oxygen throughout the process.

2.4 � Product Analysis

Reaction mixture was analyzed by a Shimadzu GC-2018 gas 
chromatography equipped with a IntertCap 624 capillary 
column (df = 30 μm, 0.53 mm × 30 m). The GC temperature 
program was set to 60 °C for 1 min and 20 °C/min up to 
250 °C with retention time of 15 min. The olefin conversion 
and epoxide selectivity were calculated according to the fol-
lowing equations:

3 � Results and Discussion

3.1 � Catalyst Characterization

Figure 1A shows the XRD patterns of the catalysts embed-
ded with different metals. All the XRD patterns exhibit 
diffraction peaks at 2θ of 11°, 23°, 34°, 39°, 47°, 61° and 
62°, respectively, corresponding to the characteristic crys-
tal planes of hydrotalcite (003), (006), (009), (015), (018), 
(110) and (113) [34, 35], which are indicative of the char-
acteristics of hydrotalcite-like structures. The symmetrical 
and clear diffraction peaks appeared at the (110) and (113) 

Conversion (%) =
Moles ofreacted olefin

Moles ofinitial olefin
× 100%

Selectivity(%) =
Moles ofepoxide

Moles of all oxidation products
× 100%
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crystal planes, indicating regular structure, good symmetry 
and high crystallinity of the catalysts. The relatively low 
peak intensities of the XRD pattern of MgAlZn0.3-LDH 
indicated the low crystallinity and order of the layered 
structure. In the XRD pattern of MgAlMn0.3-LDH, some 
weak peaks at 2θ of 24°, 31°, 42° and 52° are found besides 
the characteristic peaks of hydrotalcite, which are attrib-
uted to rhodochrosite MnCO3 [36], suggesting the pres-
ence of MnCO3 as impurity in catalyst MgAlMn0.3-LDH. 
Except for that of MgAlMn0.3-LDH, no additional peaks 
originating from crystalline metal species are observed 
from the XRD patterns of the other catalysts, indicating a 
high dispersion of embedded metal on the supports.

As shown in Fig. 1B, the XRD patterns of the catalysts 
embedded with different amount of Fe all exhibit sharp, 
strong peaks for the (003) and (006) planes at low 2θ angles, 
as well as weaker and symmetrical peaks for the (110) and 
(113) planes at higher angle, indicating also the formation 
crystalline hydrotalcite-like structures. Moreover, no Fe3+ 
related phases are observed in the XRD patterns of all the Fe 
embedded MgAl-LDH catalysts, indicating the good disper-
sion and embedment of Fe3+ ions in the framework of Mg/
Al-LDH.

Figure 2 shows the FT-IR spectra of the samples of neat 
MgAl-LDH and metal embedded catalysts. As shown in 
Fig. 2, all the samples exhibit a wide and strong band around 
3500 cm−1, which is attributed to the stretching vibration of 

Fig. 1   XRD patterns of different LDH catalysts (a) MgAlCo0.3-LDH, (b) MgAlCu0.3-LDH, (c) MgAlFe0.3-LDH, (d) MgAlMn0.3-LDH, (e) 
MgAlNi0.3-LDH, (f) MgAlZn0.3-LDH, (g) MgAlFe0.5-LDH, (h) MgAlFe0.4-LDH, (i) MgAlFe0.2-LDH, (j) MgAlFe0.1-LDH

Fig. 2   FT-IR spectra of different catalysts (a) MgAlCo0.3-LDH, (b) MgAlCu0.3-LDH, (c) MgAlFe0.3-LDH, (d) MgAlMn0.3-LDH, (e) 
MgAlNi0.3-LDH, (f) MgAlZn0.3-LDH, (g) MgAl-LDH, (h) MgAlFe0.5-LDH, (i) MgAlFe0.4-LDH, (j) MgAlFe0.2-LDH, (k) MgAlFe0.1-LDH
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hydroxyl groups from the interlayer water molecules, and 
existence of hydrogen bonds with a wide range of strength 
[37, 38]. The broad, very weak shoulder close to 3000 cm−1 
is originating from the hydrogen bonding of interlayer water 
molecules to interlayer carbonate anions (CO3

2−) [35, 38]. 
The absorption peak near 1600 cm−1 is attributed to the 
bending mode of interlayer water molecules [39, 40]. The 
sharp and intense peak near 1300 cm−1 is due to the mode 
ν3 of the interlayer carbonate species [40, 41]. Its existence 
indicates that the hydrotalcite-like catalyst with interlayer 
anion CO3

2− was successfully synthesized, and this peak 
shifts to a lower wavenumber compared with the absorption 
peak of free C-O in CO3

2− at 1430 cm−1, also indicating the 
strong hydrogen bonding interaction between the interlayer 
anions CO3

2− and H2O. The absorption peaks in the range 
of 400 to 800 cm−1 belong to the lattice vibration modes of 
M–O, O-M–O and M–O-M (M are the metals involved) [42].

Several MgAlFex-LDH (x = 0.1, 0.4, 0.5) catalysts were 
analyzed by XPS to elucidate the chemical states of metals 
on the surface of LDH. Figure 3A displays the XPS survey 

spectra of the three catalysts, whose peaks are mainly 
attributed to C 1 s, O 1 s, Mg 1 s, Al 2p, and Fe 2p. All the 
elements for constructing the MgAlFex-LDH catalysts are 
found in the spectra, which in combination with the XRD 
and FT-IR results, suggesting the successful synthesis of 
MgAlFex-LDH. In the Fe 2p spectra as shown in Fig. 3A, 
the main Fe 2p3/2 peak is around 711 eV, associated with 
a satellite peak at 719 eV, and the main Fe 2p1/2 peak 
is found around 724 eV [37, 43]. The appearance of the 
satellite peak near the main peak of Fe 2p is usually an 
indicator of Fe3+ valence state [44]. The results suggest 
that the Fe species in the MgAlFex-LDH catalysts exist in 
the state of Fe3+.

Figure 4 shows the SEM images of MgAlFex-LDH cata-
lysts. The three catalysts all show a similar morphology of 
a typical hydrotalcite structure of lamellar stack [44]. The 
embedment of Fe had no damage to the structure of hydro-
talcite interlayer. The comprehensive XRD and FT-IR results 
indicated that the Fe embedded MgAl-LDH catalysts were 
successfully synthesized.

Fig. 3   The wide scan XPS spectra (A) and Fe 2p XPS spectra (B) of different catalysts (a) MgAlFe0.1-LDH, (b) MgAlFe0.4-LDH, (c) 
MgAlFe0.5-LDH

Fig. 4   SEM images of different catalysts a MgAlFe0.1-LDH, b MgAlFe0.4-LDH, c MgAlFe0.5-LDH
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The N2 adsorption–desorption analysis was performed 
to study the surface areas and porosity properties of 
MgAlFex-LDH catalysts with MgAl-LDH as reference 
sample. As shown in Fig.  5A, all the MgAlFex-LDH 
catalysts exhibit typical type IV isotherms with H3-type 
hysteresis loops same as that of MgAl-LDH, indicating 
the presence of a mesoporous structure [45]. This type 
of hysteresis loops appears at high P/P0 region, which is 
commonly attributed to the accumulation of flake particles 
to form slit-shaped pores [46].

As exhibited in Fig. 5B, the catalysts possess mesopores 
with a relatively wide size distribution in the range of 
20–40 nm. The specific surface areas, pore volumes and 
pore diameters of MgAlFex-LDH catalysts are summarized 
in Table 1. The results indicate that the introduction of 
iron into MgAl-LDH obviously increased the specific sur-
face areas and pore volumes of the LDHs-based catalyst, 
which is favorable to mass transfer, thus improving the 
catalytic performances of the catalysts.

3.2 � Screen of the Catalysts

It was reported that metal (Fe, Co, Ni or Cu) containing 
MgAl-LDH catalysts were active in the Baeyer–Villiger 
oxidation of ketones with O2/benzaldehyde as oxidant [20, 
32]. Therefore, several catalysts were initially prepared by 
embedding different bivalent metals (Ni, Cu, Fe, Zn, Co or 
Mn) into MgAl-LDH, and evaluated in the epoxidation of 
1-hexene with O2/benzaldehyde as oxidant. Besides, the tri-
valent Co and Mn embedded catalysts MgAlCoIII

0.3-LDH 
and MgAlMnIII

0.3-LDH were also prepared and evaluated 
in the same reaction. As shown in Table 2, the catalysts 
embedded with bivalent Ni, Cu, or Zn, almost showed same 
catalytic results as neat MgAl-LDH.

The trivalent Mn catalyst MgAlMn0.3-LDH-1 showed 
slightly higher activity than its bivalent counterpart 

Fig. 5   N2 adsorption–desorption isotherms A and distribution B of different catalysts (a) MgAlFe0.5-LDH, (b) MgAlFe0.4-LDH, (c) 
MgAlFe0.1-LDH, (d) MgAl-LDH

Table 1   Specific area (BET-N2), pore volume and pore size of differ-
ent samples

a BET surface area
b BJH cumulative desorption pore volume
c Mean pore diameter = 4 V/SBET

Entry Catalyst Specific 
areaa (m2/g)

Pore volumeb 
(cm3/g)

Pore 
sizec 
(nm)

1 MgAl-LDH 59 0.51 31
2 MgAlFe0.1-LDH 97 0.63 22
3 MgAlFe0.4-LDH 100 0.63 20
4 MgAlFe0.5-LDH 98 0.63 22

Table 2   The epoxidation of 1-hexene catalyzed by different LDHs-
based catalysts

Reaction conditions: 1-hexene 8 mmol, benzaldehyde 24 mmol, cata-
lyst 0.05 g, 1,2-dichloroethane 40 mL, O2 10 mL/min, temperature 40 
℃, induction time 3 h, reaction time 2.5 h
a MgAlCo0.3-LDH-1 and MgAlMn0.3-LDH-1 are the corresponding 
trivalent metal embedded catalysts

Entry Catalysta Conv. (%) Sel. (%)

1 MgAl-LDH 17 97
2 MgAlNi0.3-LDH 18 98
3 MgAlCu0.3-LDH 21 98
4 MgAlFe0.3-LDH 90 99
5 MgAlZn0.3-LDH 14 93
6 MgAlCo0.3-LDH 48 88
6a MgAlCo0.3-LDH-1 85 90
7 MgAlMn0.3-LDH 8 97
7a MgAlMn0.3-LDH-1 11 85
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MgAlMn0.3-LDH, but still poorer activity than MgAl-LDH, 
which might be due to that MnII and MnIII species was not the 
active sites in the oxidation reaction, but acted as an impurity 
leading to deterioration of the structure of MgAlMn0.3-LDH. 
Both the bivalent and trivalent Co embedded catalysts 
MgAlCo0.3-LDH and MgAlCo0.3-LDH-1 exhibited higher 
activity than the neat MgAl-LDH, and MgAlCo0.3-LDH-1 
performed much better than MgAlCo0.3-LDH, indicating 
that Co3+ species might be the active sites in the reaction. 
However, the selectivity towards 1,2-epoxyhexane decreased 
obviously over these two catalysts. Only the embedment 
of trivalent Fe led to big enhancement of catalysis of the 
catalyst. The conversion of 1-hexene reached 90% with a 
1,2-epoxyhexane selectivity of 99% over the trivalent Fe 
embedded catalyst MgAlFe0.3-LDH. The catalytic perfor-
mances on the epoxidation of the metal embedded MgAl-
LDH were very similar to their catalysis in Baeyer–Villiger 
oxidation of ketones [20, 32]. It was revealed that the Fe3+ 
species are mainly octahedrally coordinated and formed 
cluster-type structure containing Fe3+–O–Fe3+ species on 
the surface Mg–Al mixed oxides, working as the active 
sites for the oxidation of benzaldehyde to peroxybenzoic 
acid [20]. The peroxybenzoic acid generated in situ then oxi-
dizes olefin such as 1-hexene to the epoxide. From the above 
results a general trend was concluded that the trivalent metal 
embedded catalyst showed high activity compared to its 
bivalent counterpart. In addition, the trivalent Fe embedded 
catalyst MgAlFe0.3-LDH showed best performance among 
all the catalysts.

Since the catalyst MgAlFe0.3-LDH showed best among 
the catalysts embedded with different metals in the 
epoxidation of 1-hexene with O2/benzaldehyde, several 
MgAlFex-LDH catalysts embedded with different amount 
of Fe (x = 0.1, 0.2, 0.4 and 0.5) were prepared and evalu-
ated in the same reaction to further improve the catalytic 
epoxidation reaction.

As shown in Table  3, the conversion of 1-hexene 
increased with increase in Fe content in the catalysts ini-
tially and reached its maximum of 97% at Fe content of 0.4, 
and decreased to 88% with further increase in Fe content to 

0.5. The selectivity towards 1,2-epoxyhexane almost kept 
constant with the variation of Fe content in all the cases. 
As mentioned previously, the Fe3+ species on the catalyst 
surface are the active sites for the aerobic oxidation of ben-
zaldehyde to peroxybenzoic acid, higher Fe content means 
more active sites in the catalyst, thus promoting the reaction. 
Therefore, the quantity and dispersion of Fe3+ species are 
more likely the key factors to influence the catalysis of the 
catalysts.

3.3 � Optimization of Reaction Conditions

With the excellent catalyst MgAlFe0.4-LDH in hand, the 
parameters affecting the reaction including solvent and its 
volume, induction time, benzaldehyde dosage, reaction tem-
perature, catalyst loading amount were screened to improve 
further the epoxidation of 1-hexene over the catalyst. Table 4 
exhibits the effect of solvent on the reaction. As shown 
in the table, no reaction was detected in alcohols such as 
methanol, ethanol and isopropanol. The reaction also failed 
in toluene and dichloromethane. Only a moderate conver-
sion of 1-hexene with a 1,2-epoxyhexane selectivity of 99% 
was obtained in acetonitrile. Gratifyingly, the reaction pro-
ceeded very well in 1,2-dichloroethane, and a conversion of 
1-hexene as high as 97% with a selectivity of 99% towards 
1,2-epoxyhexane was received. Generally, 1,2-dichloroeth-
ane (DCE) is also the best solvent in Baeyer–Villiger oxida-
tion with O2/benzaldehyde over various catalysts [32, 47, 
48], no answer is available for its excellent performance in 
the related reactions.

It was found that the induction time, which is the preoxi-
dation period before addition of 1-hexene, had significant 
effect on the epoxidation reaction. As shown in Fig. 6, both 
the conversion of 1-hexene and the selectivity of 1,2-epox-
yhexane increased with the extension of induction time ini-
tially. When the induction time was extended to 2.5 h, the 
conversion of 1-hexene increased to 96%, and the selectivity 

Table 3   Epoxidation of 1-hexene catalyzed by different 
MgAlFex-LDH

Reaction conditions: 1-hexene 8 mmol, benzaldehyde 24 mmol, cata-
lyst 0.05 g, solvent 1,2-dichloroethane 40 mL, O2 10 mL/min, tem-
perature 40 ℃, induction time 3 h, reaction time 2.5 h

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

1 MgAlFe0.1-LDH 29 99
2 MgAlFe0.2-LDH 85 98
3 MgAlFe0.3-LDH 90 99
4 MgAlFe0.4-LDH 97 98
5 MgAlFe0.5-LDH 88 99

Table 4   The effect of solvent on the reaction

Reaction conditions: 1-hexene 8  mmol, benzaldehyde 24  mmol, 
MgAlFe0.4-LDH 0.05 g, solvent 40 mL, O2 10 mL/min, temperature 
40 ℃, induction time 3 h, reaction time 2.5 h
a Temperature 25 ℃

Entry Solvent Conv. (%) Sel. (%)

1 1,2-dichloroethane 97 99
2 Methanol – –
3 Ethanol – –
4 Isopropanol – –
5 Toluene – –
6 Acetonitrile 74 99
7a Dichloromethane 5 91
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of 1,2-epoxyhexane reached 99%. Then both of them main-
tained almost constant with further extending induction 
time. It was assumed that the epoxidation reaction with O2/
benzaldehyde via two steps: catalytic aerobic oxidation of 
benzaldehyde to peroxybenzoic acid; epoxidation of 1-hex-
ene by peroxybenzoic acid generated in situ. However, the 
epoxidation reaction could only proceed when enough per-
oxyacid was formed, which needed a period of time, being 
the induction time.

The amount of benzaldehyde is an important factor influ-
encing the epoxidation of 1-hexene with O2/benzaldehyde. 
As shown in Fig. 7, the conversion of 1-hexene increased 
with increase in benzaldehyde amount initially, and reached 
96% with a selectivity towards 1,2-epoxyhexane of 99% at 
benzaldehyde to 1-hexene molar ratio of 3:1, then main-
tained constant with a further increase in benzaldehyde 
amount. Meanwhile, the selectivity towards 1,2-epoxyhex-
ane changed slightly with the benzaldehyde amount.

The effect of reaction temperature on the epoxidation of 
1-hexene was also investigated. As shown in Fig. 8, the con-
version of 1-hexene was very low at 35 °C, but increased 
significantly to 96% with reaction temperature increased to 
40 °C, then gently increased to its maximum of 99% with a 
1,2-epoxyhexane selectivity of 99% at 45 °C. With a further 
increase in reaction temperature, the conversion of 1-hexene 
decreased obviously, which might be due to the decomposi-
tion of peroxybenzoic acid at higher temperature. Therefore, 
the optimal temperature of the reaction is 45 ℃. It was found 
that the selectivity of 1,2-epoxyhexane almost kept constant 
at all the reaction temperatures.

As shown in Fig. 9, the amount of DCE had big influence 
on the reaction. The conversion of 1-hexene was very small 
at low DCE loading, and increased with the amount of DCE. 
When the amount of DCE increased to 25 mL, the conver-
sion of 1-hexene increased to 98% with a 1,2-epoxyhexane 
selectivity of 98%. Then both the conversion of 1-hexene 
and the selectivity of 1,2-epoxyhexane increased slightly 
with a further increase in DCE loading. The results indicated 
the importance of DCE in the catalytic aerobic oxidation 
of benzaldehyde to peroxybenzoic acid, thus affecting the 
epoxidation reaction.

Fig. 6   The effect of induction time on the reaction. Reaction condi-
tions: 1-hexene 8  mmol, benzaldehyde 24  mmol, MgAlFe0.4-LDH 
0.05 g, DCE 40 mL, O2 10 mL/min, temperature 40 ℃, reaction time 
2.5 h

Fig. 7   The effect of benzaldehyde amount on the reaction. Reaction 
conditions: 1-hexene 8 mmol, MgAlFe0.4-LDH 0.05 g, DCE 40 mL, 
O2 10 mL/min, induction time 2.5 h, reaction time 2.5 h, temperature 
40 ℃

Fig. 8   The effect of temperature on the reaction. Reaction conditions: 
1-hexene 8  mmol, benzaldehyde 24  mmol, MgAlFe0.4-LDH 0.05  g, 
DCE 40 mL, O2 10 mL/min, induction time 2.5 h, reaction time 2.5 h
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The amount of catalyst dosage in the reaction was also 
screened and it was found as shown in Fig. 10 that the cata-
lyst dosage had no significant influence on the reaction in the 
screen range of 0.005 to 0.05 g. The conversion of 1-hexene 
was always close to 99% with 1,2-epoxyhexane of 97%.

Based on the experimental results and in view of the min-
imization of solvent and catalyst dosages, the optimal param-
eters were determined to be 1-hexene 8 mmol, benzaldehyde 
24 mmol, catalyst dosage 0.005 g, DCE 25 mL, O2 10 mL/

min, reaction temperature 45 °C, induction time 2.5 h, and 
reaction time 2.5 h. Under these conditions, the conversion 
of 1-hexene was 99% with 1,2-epoxyhexane of 97%.

3.4 � Hot Filtration and Recycle Tests

In order to illustrate the stability of the catalyst and the het-
erogeneity of the reaction, a hot filtration experiment was 
carried out. Because the epoxidation of olefin with benzalde-
hyde/O2 proceeds in two elementary steps: the catalytic oxi-
dation of benzaldehyde with O2 to peroxybenzoic acid, and 
the non-catalytic epoxidation of olefin with peroxybenzoic 
acid to epoxide, the catalyst was filtered out after induction 
time of 0.5 h. As shown in Fig. 11, the amount of peroxyben-
zoic acid changed slightly with induction time under O2 bub-
bling after the catalyst was removed. In addition, 1-hexene 
was injected into the filtrate at induction time of 2.5 h to run 
the epoxidation reaction as that in the presence of catalyst. 
The conversion of 1-hexene was only half of that in the pres-
ence of catalyst at the same reaction time of 1 h, then main-
tained constant with extending reaction time, which could 
be ascribed to no peroxybenzoic acid was generated in the 
absence of catalyst to support further epoxidation of 1-hex-
ene. The results indicated that the epoxidation of olefin with 
benzaldehyde/O2 over the catalyst MgAlFe0.4-LDH belongs 
to a heterogeneous catalytic process, no obvious leaching of 
Fe took place during the reaction which was confirmed by 
ICP analysis. The ICP analysis revealed that the Fe contents 
of the fresh and used catalyst samples are 4.69% and 4.67%, 
respectively.

After catalytic run, the catalyst MgAlFe0.4-LDH was 
recovered by filtration, washing with DCE and drying, and 
then subjected to the next run under the same reactions. 
As shown in Fig. 12, the conversion of 1-hexene changed 
slightly and maintained above 97% in the first five runs. In 
the sixth run, the conversion of 1-hexene decreased to 93%. 
In all the cases, the selectivity of 1,2-epoxyhexane main-
tained constant. The results indicated that the catalyst has 
good stability and recyclability.

3.5 � Substrate Scope

Finally, the catalyst MgAlFe0.4-LDH was applied to the 
epoxidation of different olefins to evaluate its substrate 
applicability under the optimized conditions. As can be seen 
from Table 5, all the olefins, including terminal aliphatic 
olefines, cyclohexene and styrene, were converted to the cor-
responding epoxides in high conversion and selectivity, indi-
cating its broad substrate scope of catalyst MgAlFe0.4-LDH.

The catalyst MgAlFe0.4-LDH was compared with some 
LDH based catalysts in literature. As shown in Table 6, the 
catalyst MgAlFe0.4-LDH showed the best performance in 
the epoxidation of 1-octene using O2 or H2O2 as terminal 

Fig. 9   The effect of solvent amount on the reaction. Reaction condi-
tions: 1-hexene 8  mmol, benzaldehyde 24  mmol, MgAlFe0.4-LDH 
0.05 g, O2 10 mL/min, temperature 45°C, induction time 2.5 h, reac-
tion time 2.5 h

Fig. 10   The effect of MgAlFe0.4-LDH amount on the reaction. Reac-
tion conditions: 1-hexene 8 mmol, benzaldehyde 24 mmol, O2 10 mL/
min, DCE 25 mL, temperature 45 ℃, induction time 2.5 h, reaction 
time 2.5 h
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oxidant in view of both epoxide yield and mild reaction 
conditions. The results indicated that the embedment of 
Fe3+ species in MgAl-LDH enhanced the catalysis of 
MgAl-LDH in the epoxidation, and the embedded Fe3+ 
species are more active than their Co3+ counterparts.

4 � Conclusion

Several MgAl-LDH based catalysts embedded with Ni, 
Cu, Fe, Zn, Co and Mn were synthesized by co-precip-
itation method. The characterization results revealed 
that these catalysts had hydrotalcite-like structures with 
interlayer anions CO3

2−. For the Fe embedded catalysts 
MgAlFex-LDH, the Fe are fully incorporated into the Mg/
Al-LDH layers in the state of Fe3+, and are mainly octahe-
drally coordinated and formed cluster-type structure con-
taining Fe3+–O–Fe3+ species on the surface Mg–Al mixed 
oxides, working as the active sites for the oxidation of 
benzaldehyde to peroxybenzoic acid, endowing the cata-
lysts MgAlFex-LDH especially MgAlFe0.4-LDH excellent 
catalytic activity and selectivity in the epoxidation of vari-
ous olefins with O2/benzaldehyde under mild conditions. 
The catalyst MgAlFe0.4-LDH also has good stability and 
recyclability, and broad substrate applicability.

Fig. 11   Hot filtration test of MgAlFe0.4-LDH. Reaction conditions: olefin 8  mmol, benzaldehyde 24  mmol, O2 10  mL/min, DCE 25  mL, 
MgAlFe0.4-LDH 0.005 g, temperature 45 °C, induction time 2.5 h, reaction time 2.5 h

Fig. 12   Recycle test of MgAlFe0.4-LDH

Table 5   The epoxidation of other alkenes catalyzed by 
MgAlFe0.4-LDH

Reaction conditions: olefin 8  mmol, benzaldehyde 24  mmol, O2 
10  mL/min, DCE 25  mL, MgAlFe0.4-LDH 0.005  g, temperature 45 
℃, induction time 2.5 h, reaction time 2.5 h

Entry Substrate Conv. (%) Sel. (%)

1 1-pentene 100 96
2 1-hexene 99 97
3 1-octene 98 98
4 1-decene 98 98
5 cyclohexene 100 95
6 styrene 100 95
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