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Abstract
The rearrangement of propylene oxide is greatly affected by the acidity of the catalyst. ZSM-5 zeolite with easily regulated 
surface acidity was used to catalyze the reaction with propionaldehyde as main product. The difference in the ratio of silica 
to alumina resulted in significant changes in the acidity. The results show that the ratio of the amount of Lewis acid sites 
(LAS) to the amount of Brønsted acid sites (BAS) has a great positive influence on the catalytic performance. When the 
ratio of silica to alumina reaches 50, the ratio of the LAS to BAS reaches the maximum value of 18.6, the catalytic per-
formance is excellent. The in-situ diffuse reflectance Fourier transform infrared spectroscopy (DRIFTS) was employed to 
study the adsorption and reaction behavior of propylene oxide on the ZSM-5 catalyst. Results showed that the epoxy ring 
of propylene oxide first adsorbs on the Lewis acid site (Al atom with empty electron orbital) of ZSM-5 catalyst to form an 
intermediate with the bond between C=O and C–O which then converts to the propionaldehyde. The Lewis acid sites is of 
great importance for the reaction.
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1  Introduction

Epoxide is an important intermediate in organic synthesis 
because epoxy ring can be easily converted into chemi-
cals with functional groups such as aldehydes, ketones, or 
alcohols [1–3]. As a kind of important epoxides, propylene 
oxide, due to its thermodynamic unstable three-membered 
epoxy ring, is prone to ring-opening reaction at high tem-
perature or in the presence of a catalyst [4, 5]. The current 
research on the ring-opening reaction of propylene oxide 
mainly focuses on two aspects. Firstly, propylene oxide 
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undergoes ring-opening reaction to produce allyl alcohol, 
propionaldehyde, acetone, propanol and other products in 
the presence of catalyst [6–9]. Wang et al. prepared a hol-
low lithium phosphate catalyst for catalytic rearrangement of 
propylene oxide, which has high catalytic activity and high 
selectivity to allyl alcohol [4]. Secondly, the epoxy ring of 
propylene oxide reacts with carbon dioxide to form carbon-
ates or form polymers with other epoxy compounds [10–12].

For the rearrangement of epoxides, the product distribu-
tion is determined by the acidity and alkalinity of catalyst, 
and is also affected by the migratory aptitude of the sub-
stituents on the epoxide group [13, 14]. Many researchers 
had done a lot of work on the rearrangement of propylene 
oxide, and it was found that when acid–base bifunctional 
catalyst was used, the main product was allyl alcohol, and 
when acidic catalyst was used, the product usually was pro-
pionaldehyde or ketone [4, 7, 15].

Zeolites as a catalyst with easily regulated surface acidity 
have been reported by some researchers to catalyze the epox-
ides rearrangement [16, 17]. For example, some researchers 
have used zeolites as catalysts in the rearrangement of mac-
romolecular aliphatic epoxides, such as propylene oxide and 
3-methyl-2,3-epoxybutane [18, 19]. Likewise, some results 
have been reported on the rearrangement of 1,2-alkane 
epoxides with long straight chain using zeolite as catalysts 
[5]. Since zeolite has a preponderance of acidity, it is more 
applicable to the acid catalyzed reaction [5, 20]. But for 
the propylene oxide rearrangement how the acidity affects 
the reaction and the product distribution is seldom inves-
tigated, and there was not enough evidence for the Lewis 
acid catalysis [18, 19]. In this paper we studied the effect of 
changes in the silica/alumina ratio on the acidity of ZSM-5 
and the effect of acidity changes on propylene oxide rear-
rangement. Moreover, the catalysis of Lewis in propylene 
oxide rearrangement was confirmed and the mechanism of 
its rearrangement was proposed.

2 � Experimental

2.1 � Catalyst Preparation

ZSM-5 zeolites, with the SiO2/Al2O3 molar ratios of 20, 40, 
50, 60 and 100, were synthesized respectively according to 
the following procedure. First, 6.67 g of tetrapropylammo-
nium hydroxide (TPAOH, 20% aqueous solution) was added 
dropwise to 13.211 g NaOH solution with mass percentage 
of 1%. The mixture was stirred for 0.5 h and then 31.78 g 
tetraethylorthosilicate (TEOS, AR) was added dropwise. The 
resulting mixture (I) was stirred for 1 h. Second, different 
amounts of NaAlO2 (AR) were added to 13.211 g NaOH 
solution with mass percentage of 1%, the resulting mixture 
(II) was stirred for 1 h. Third, the resulting mixture (II) was 

added dropwise to mixture (I) with stirring and the result-
ing gel was stirred for 4 h. The molar composition of the gel 
was 1SiO2: xAl2O3: 0.043TPAOH: 0.046NaOH: 11.47H2O 
(x = 0.05, 0.025, 0.02, 0.0167, 0.01). Finally, the gel was 
transferred to a 100 ml Teflon autoclave and reacted at 
180 °C for 24 h. The product was washed and filtered repeat-
edly for several times, dried at 110 °C, and then calcined at 
550 °C for 8 h in air to remove the templates. Samples with 
different ratios of silica to alumina are denoted as ZSM-5-x 
(x = 20, 40, 50, 60, 100).

2.2 � Catalytic Performance Test

The performance test of ZSM-5-x catalysts was conducted in 
a fixed-bed reactor. 0.5 g ZSM-5-x catalyst was placed in a 
fixed-bed reactor with a diameter of 10 mm. The mixed gas 
of propylene oxide and N2 was preheated at 200 °C and the 
reaction temperature was controlled at 300 °C. The weight 
hourly space velocity (WHSV) of propylene oxide was 
19 h−1. The products were analyzed by gas chromatography 
with an Agilent FF-AP capillary column.

2.3 � Catalyst Characterization

X-ray powder diffraction (XRD) patterns were recorded on 
a Bruker D8 X-ray powder diffractometer with Cu Kα radi-
ation (λ = 1.5406 Å). Fourier transform infrared spectros-
copy (FTIR) of ZSM-5 was recorded on a Nicolet IS10 with 
pure KBr as background. A scanning electron microscopy 
(SEM, JSM6380) was performed to investigate the morphol-
ogy of the samples. The actual ratio of silica to alumina 
in ZSM-5 was measured with an X-ray fluorescence (XRF, 
ThermoFisherARL). The pore structure and the apparent 
BET surface area of the samples were studied by nitrogen 
adsorption–desorption measurements at − 196 °C on ASAP 
2460 MicroActive instrument. The acidity of the samples 
was measured by temperature-programmed desorption of 
ammonia (NH3-TPD) on an automated chemisorption ana-
lyzer (Quantachrome Instruments) equipped with a thermal 
conductivity detector (TCD). The nature of acid sites was 
determined by pyridine adsorbed IR (Py-IR) spectroscopy 
on a Nicolet IS10 spectrometer. In situ DRIFTS measure-
ments were performed on a Nicolet iS10 spectrometer 
equipped with an iZ10 Auxiliary Module, which consists of 
a liquid-N2-cooled high-sensitivity MCT-A detector and a 
DRIFT cell (Spectra-Tech) with KBr windows. The sample 
[the mixture of KBr and the ZSM-5-50 catalyst (2:1)] was 
placed in an in situ DRIFT cell. All spectra were recorded 
with an accumulation of 4 scans and with a resolution of 
4 cm−1. The spectra began to be recorded as soon as the sam-
ple was heated in pure N2 with flow of 10 ml/min. When the 
temperature reached the set value 300 °C, propylene oxide 
was introduced into the cell by a peristaltic pump. The fresh 
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and used catalysts were characterized by thermogravimetric 
analysis (TG, Mettler-Toledo TGA/SDTA851e) at the rate of 
10 °C/min in air (100 ml/min) atmosphere.

3 � Results and Discussion

3.1 � Catalyst Characterization

The X-ray diffraction patterns of ZSM-5 with silica/alu-
mina molar ratios of 20, 40, 50, 60 and 100 are presented in 
Fig. 1a. The XRD patterns of these catalysts match well with 
the standard ZSM-5 XRD patterns (JCPDS 00-044-0003). 
All samples have the typical characteristic patterns of MFI 
structure with peaks at 2θ of 7.9°, 8.8°, 23.1°, 23.9° and 
24.3° [21]. Figure 1b shows the FTIR spectra of all samples 
in the range of 400–1500 cm−1. The peak at 544 cm−1 cor-
responds to the vibration of the double five-membered ring 
unit and the peak at 1232 cm−1 corresponds to the asymmet-
rical stretching vibration of MFI framework structure [22]. 
These two characteristic peaks also prove that all samples 
belong to the MFI configuration. The bands at 796 cm−1 and 
1091 cm−1 are attributed to the symmetrical and antisym-
metrical vibration of [SiO4] units, respectively [23]. In addi-
tion, according to the SEM results (see supporting informa-
tion Fig. S1), all samples are about 10 μm in size.

Low temperature N2 adsorption–desorption experiments 
were performed to investigate the changes in the textural 
properties of all samples. The isotherms of all samples 
are shown in Fig. 2. Great adsorption amount at low rela-
tive pressure (p/p0 < 0.05) for all the samples evidences 
the microporous structure of zeolite [24, 25]. Moreover, 
there is hysteresis loop in the isotherms of ZSM-5-20 and 

ZSM-5-100, indicating that the presence of mesopores 
which may be due to particle packing in the zeolite [25]. 
The pore size distribution of the sample was obtained by 
the Horvath–Kawazoe method. As shown in Fig. 2, all 
of the samples have similar pore size distributions, and 
the pore sizes are all concentrated around 0.65 nm. The 
BET surface area, pore volume and micropore character-
istics are shown in Table 1. The BET surface area and 
the total pore volume of all samples are about 300 m2/g 
and 0.17 cm3/g, respectively. ZSM-5-50 has the largest 
BET surface area and total pore volume, 307.03 m2/g and 
0.176 cm3/g, respectively. In addition, as the ratio of silica 
to alumina increases, the external specific surface area of 
all samples increases.

Fig. 1   XRD patterns (a) and FTIR spectra (b) of ZSM-5 with different silica/alumina molar ratios

Fig. 2   N2 adsorption–desorption isotherms (inset: pore size distribu-
tion deduced from the Horvath–Kawazoe method)
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The effect of the ratio of silica to alumina in ZSM-5 zeo-
lite on its acidity was studied by temperature-programmed 
desorption of ammonia (NH3-TPD). As shown in Fig. 3, all 
of the samples display a similar TPD profile with two des-
orption peaks. The low-temperature desorption peak (LT 
peak) centered in a temperature range of 204–239 °C cor-
responds to the weak acid sites and the high-temperature 
desorption peak (HT peak) in the range of 310–387 °C cor-
responds to the strong acid sites. The LT peak is attributed 
to the adsorption of ammonia on the non-framework Al or 
the non-acid terminal Si–OH groups, similar to the silanol 
groups of silica [25]. As shown in Table 2, the amount of 
acidic sites is calculated by the area of desorbed ammonia. 
As the ratio of silica/alumina increases, the total acid amount 
decreases, while the amount of strong acid and weak acid 
also decreases. The decrease in acid amount is due to the 
decrease of Al in the framework as the ratio of silica to alu-
mina increases, resulting in a decrease of Si–OH–Al [26]. 
In addition, with increasing silica/alumina ratio, it can been 
seen that both the LT peak and HT peak have a tendency to 

shift toward the lower temperature. This should be due to a 
decrease in the aluminum content of the sample, resulting in 
the weakening of the acidity of the sample [27].

The py-FTIR was used to analyze the Lewis acid sites 
(LAS) and Brønsted acid sites (BAS) on the surface of the 
sample. The spectrum in the range of 1400–1600 cm−1 indi-
cate the type and relative amount of acid sites on the sur-
face of the sample. Generally, the band at 1540 cm−1 can be 
attributed to the pyridine cation and indicates BAS, while 
the band at 1450 cm−1 is characteristic of pyridine coordi-
nated to LAS [28]. The band at 1490 cm−1 is assigned to 
pyridine on both LAS and BAS. The amounts of LAS and 
BAS were calculated by the following Eqs. (1, 2).

where I
max

 is the intensity of the band (in absorbance 
unit), W1/2 is half width at half height, mass denotes that 
of adsorbent. The adsorption coefficient of Lewis is 3.80, 

(1)

C(pyridine on acid sites) =
B × sample surface area

adsorption cofficient × mass

(2)B(band area) = ImaxW1∕2

Table 1   The characteristics of porous structure of ZSM-5 with different silica/alumina ratios

a The silica/alumina molar ratio in zeolites was determined by X-ray fluorescence
Smicro: micropore surface area; Sexternal: specific surface area of mesopores and macropores (Smicro + Sexternal = SBET); Vmicro: micropore volume; 
Wmicro: average width of micropores

Sample SiO2/Al2O3 ratioa SBET (m2/g) Total pore 
volume 
(cm3/g)

t-plot Horvath-Kawazoe

Smicro (m2/g) Sexternal (m2/g) Vmicro (cm3/g) Vmicro (cm3/g) Wmicro (nm)

ZSM-5-20 23.32 280.75 0.176 221.34 59.41 0.118 0.142 0.636
ZSM-5-40 48.99 296.18 0.171 213.41 82.77 0.114 0.148 0.640
ZSM-5-50 60.51 307.03 0.176 212.65 94.76 0.114 0.153 0.658
ZSM-5-60 69.99 281.60 0.165 183.82 97.78 0.099 0.139 0.666
ZSM-5-100 113.56 305.35 0.165 201.19 104.16 0.107 0.150 0.670

Fig. 3   NH3-TPD profiles of ZSM-5 zeolites with different SiO2/Al2O3 
ratios

Table 2   The acid properties of ZSM-5 zeolites with different SiO2/
Al2O3 ratios according to NH3-TPD

a The LT peak represents the low temperature desorption peak, the HT 
peak represents the high temperature desorption peak
b The total acid amount of ZSM-5-50 was assigned as 1.0 and the 
other samples were compared to ZSM-5-50

Sample Tpeak (°C) Acid amounts based on 
NH3-TPD datab

LTa peak HTa peak Weak Strong Total

ZSM-5-20 239 387 0.55 0.98 1.53
ZSM-5-40 237 356 0.33 0.91 1.24
ZSM-5-50 220 339 0.29 0.71 1.0
ZSM-5-60 218 335 0.35 0.60 0.95
ZSM-5-100 204 310 0.13 0.79 0.92
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the adsorption coefficient of Brønsted is 3.03 [29]. Units of 
adsorption coefficient, mass, B, and sample surface area are 
cm mmol−1, g, cm−1, and cm2, respectively. In ZSM-5 zeo-
lite, BAS are formed by acidic Si–OH–Al groups [30, 31]. 
Dehydration of ZSM-5 zeolite at high temperature causes the 
tetracoordinated aluminum atom to lose an oxygen, form-
ing a tricoordinated aluminum atom with an empty electron 
orbit, which is the formation of LAS [25]. In addition, the 
LAS is also related to non-framework aluminum in ZSM-5. 
The results of pyridine adsorption at 50 °C (see supporting 
information, Fig. S2 and Table S1) show that the total acid 
amount decreases with the increase of the ratio of silica to 
alumina, which was consistent with the NH3-TPD results. 
The results of py-FTIR at 300 °C are shown in Fig. 4 and 
Table 3, representing the strong LAS and BAS amount of the 
ZSM-5 catalyst. In propylene oxide rearrangement, strong 
LAS is the active site for the formation of propionaldehyde 
[5, 18, 32]. But strong LAS and BAS are also related to the 
carbon deposition [33]. That is to say, the ratio of LAS to 
BAS has an important relationship with the conversion and 
stability of propylene oxide rearrangement. As the ratio of 
silica to alumina increases, the ratio of the amount of LAS 
to BAS first increases and then decreases, ZSM-5-50 has 
the largest ratio. Therefore, the ZSM-5-50 catalyst with the 
largest LAS to BAS ratio and the least amount of strong LAS 
and BAS showed the best catalytic performance.

3.2 � LAS‑Catalyzed Propylene Oxide Rearrangement

The in-situ DRIFTS technique was employed to study the 
adsorption and reaction behavior of propylene oxide on the 
ZSM-5-50 catalyst at reaction temperature. Figure 5 shows 
the spectra of ZSM-5-50 catalyst at different times after the 
introduction of propylene oxide. It can be seen from Fig. 5 

that the intensity of the peak at 1685 cm−1 is increase greatly 
within 1.1 min and begins to decrease rapidly after 1.1 min, 
especially after 3.2 min. While the peak at 1719 cm−1 attrib-
uted to the carbonyl of propionaldehyde [34] is weaker at 
first and after 3.2 min stronger than that at 1685 cm−1. It also 
increases within 1.1 min and after 3.2 min begins to fade 
away slowly. The peak at 1685 cm−1 disappears completely 
at 8.5 min but that at 1719 cm−1 still exists at 18.6 min. This 
strongly implies that the structure at 1685 cm−1 precedes 
the formation and disappearance of the carbonyl group. As 
comparison, the same in-situ DRIFTS experiment was car-
ried out using silica as the catalyst under the same condi-
tions. The spectra (as shown in supporting information, Fig. 
S3) shows only a weak peak at 1725 cm−1 which is attrib-
uted to carbonyl which is due to thermal rearrangement of 
propylene oxide at 300 °C rather than catalytic rearrange-
ment [6]. This indicates that the generation of the peak at 
1685 cm−1 is related to the Al atom in the ZSM-5 catalyst, 
that is, the Lewis acid site. It is the conjugation of Al atom 
and the the cleavage –C–O of the epoxy ring (i.e., C=O pre-
cursor) before the formation of the carbonyl group [35–37]. 

Fig. 4   Pyridine adsorption IR spectra of ZSM-5 with different SiO2/
Al2O3 ratios at 300 °C

Table 3   Surface acidities of adsorbents determined by pyridine 
adsorption

Sample Amount of BAS 
(mmol g−1)

Amount of 
LAS(mmol g−1)

L/B

ZSM-5-20 8.00 8.90 1.11
ZSM-5-40 2.96 3.56 1.20
ZSM-5-50 0.1 1.86 18.6
ZSM-5-60 0.46 3.10 6.74
ZSM-5-100 2.74 0.11 0.04

Fig. 5   Evolution of DRIFT spectra for propylene oxide adsorption on 
ZSM-5-50 at 300°C
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In addition, the peaks at 2864 cm−1 and 2760 cm−1 in Fig. 5 
are attributed to C–H stretching vibration of aldehyde group, 
and the peak at 2982 cm−1 attributed to C–H stretching 
vibration of alkyl group [38, 39]. As the peak at 1719 cm−1 
gradually decreases, the peaks of 1582 cm−1 and 1426 cm−1 
begin to appear and increase significantly. We conclude that 
it should be the vibrational peaks of C=C and C–C bonds, 
respectively, which is of a precursor of carbon deposits [40].

According to the results of in-situ DRIFTS, we propose 
the mechanism of propylene oxide rearrangement to pro-
pionaldehyde as shown in Fig. 6. Under the catalysis of 
Lewis acid, the oxygen atom in the epoxy ring adsorbs on 
the aluminum atom, resulting in the cleavage of the a–C–O 
bond. At the same time, along with hydrogen transfer, the 
intermediate of C O which is between C=O bond and C–O 
bond or closer to C=O is formed. The peak at 1685 cm−1 
is assigned to the intermediate structure C O, which is 
the precursor of C=O. After the a–C–O cleavage, the car-
bonyl group has not yet formed, the carbon–oxygen double 
bond of the intermediate structure is weak, resulting in its 
appearance at 1685 cm−1. Finally, the intermediate structure 
quickly converts to propionaldehyde.

3.3 � Catalytic Activity, Stability and Acidity

The conversion and product selectivity of propylene oxide 
rearrangement catalyzed by ZSM-5 catalysts with different 
ratios of silica to alumina are shown in Fig. 7. It can be 
clearly seen that the ratio of silica to alumina of ZSM-5 cata-
lyst has a great influence on the conversion and the stability. 
The initial conversion of ZSM-5-20 catalyst reached 80%, 
but it deactivated very sharply. The conversion decreased to 

about 20% after 2 h, as the ZSM-5-20 catalyst had the high-
est total amount of strong acid, which leads to rapid carbon 
deposition. The ZSM-5-40 and ZSM-5-60 catalysts have the 
same amounts of LAS, but the ZSM-5-60 catalyst has fewer 
BAS than ZSM-5-40. Therefore, they all have a high initial 
conversion and the ZSM-5-60 catalyst has better stability 
than ZSM-5-40. The conversion of the ZSM-5-100 catalyst 
in the initial stage is very low and always remains below 
20%. It is precisely because of the small amount of strong 
LAS that it is insufficient to provide the active sites required 
for the reaction. For the catalyst ZSM-5-50 with the high-
est LAS to BAS ratio and the lowest total amount of strong 
acid site, the conversion remained above 90% for 8 h. It can 
been seen from Fig. 7b that as the ratio of silica to alumina 
increases, the selectivity of propionaldehyde first increases 
and then decreases. Combined with the pyridine adsorption 
results at 300 °C, the change tendency of propionaldehyde 
selectivity is the same as the change tendency of the ratio of 
the amount of LAS to BAS. The ZSM-5-50 catalyst has the 
largest ratio of the amount of LAS to BAS and also has the 
highest selectivity to propionaldehyde, about 93%. We can 
conclude that when ZSM-5 catalyzes the rearrangement of 
propylene oxide to propionaldehyde, the conversion, stabil-
ity and selectivity are proportional to the ratio of LAS to 
BAS at 300 °C. That is to say, the larger the ratio, the higher 
the conversion and selectivity of propionaldehyde, and the 
smaller the total amount of LAS and BAS, the better the 
stability of the catalyst.

The stability of catalysts for the rearrangement of pro-
pylene oxide is always a problem and is rarely reported in 
previous studies. Here the stability test of ZSM-5-50 catalyst 
was carried out at 300 °C with a WHSV of 19 h−1 as shown 

Fig. 6   The mechanism diagram 
of propylene oxide rearrange-
ment to propionaldehyde
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in Fig. 8a. It is clearly seen that ZSM-5-50 catalyst is able 
to maintain its catalytic stability within 35 h, with only a 
slight decline. The conversion at the reaction time of 35 h is 
still above 90% with selectivity of as high as 85% for propi-
onaldehyde. The slight decrease of the conversion and the 
selectivity may be ascribed to the inevitable carbon deposi-
tion, which is a common problem for the acid-base catalysts. 
As shown in Fig. 8b, both the fresh and used catalysts show 
weight loss below 200 °C due to the removal of moisture 
[41], while the used catalyst experienced another weight loss 
procedure in the temperature range of 300–500 °C which 
should be attributed to the decomposition of carbonaceous 
deposits (0.12 g/gcat) [42]. Compared with previous studies 
on the stability and carbon deposition of catalyst, ZSM-5-50 
has better stability and less carbon deposit [4, 40].

4 � Conclusions

We investigated the effect of the silica/alumina ratio on the 
acidity of ZSM-5 zeolite and its effect on the propylene 
oxide rearrangement. For the ZSM-5 catalysts, the change 
of silica/alumina ratio has slight effects on physical prop-
erties such as morphology, specific surface area and pore 
volume. However, the change of silica/alumina ratio sig-
nificantly affects the acidity of ZSM-5. With the increase 
of silica/alumina ratio, the total acid amount decreases 
and the acid strength becomes weaker, the decrease of 
Al atom content in ZSM-5 is the primary cause of acid-
ity change. The results of Py-FTIR on the catalyst show 
that the ratio of the amount of LAS to BAS increases first 

Fig. 7   The conversion of propylene oxide rearrangement (a) and the product selectivity (b)

Fig. 8   Stability test over ZSM-5-50 catalyst with time on stream (a) and thermal gravity curves of fresh and used ZSM-5-50 catalyst (b)
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and then decreases with the increase of the ratio of silica/
alumina, and the change of this ratio directly affect the 
catalytic performance of the catalyst. The larger the ratio, 
the better the catalytic performance. The lower the total 
amount of LAS and BAS at reaction temperature, the bet-
ter the stability of the catalyst. The catalyst ZSM-5-50 
with the highest LAS to BAS ratio and the least amount 
of LAS and BAS has the best conversion and propionalde-
hyde selectivity. Finally, the mechanism of rearrangement 
of propylene oxide on ZSM-5 catalyst was investigated by 
in-situ DRIFTS technique. We conclude that the oxygen 
atom in the epoxy ring of propylene oxide first adsorbs 
aluminum atom containing an empty electron orbital in 
the ZSM-5 catalyst. Then an intermediate is formed with 
the bond between C=O and C–O and finally converts to 
the target product propionaldehyde.
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