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Abstract HMCM-22 zeolite with a high Si/Al2 ratio (158)

was applied to the 1-butene cracking reaction in a fixed-bed

reactor. On basis of the product distribution, the main

reaction pathways of C4 alkenes catalytic transforming on

HMCM-22 were proposed. Also, the preferences of the

reaction pathways influenced by the temperature and con-

version level were discussed, which could provide good

guidance on enhancing the propene production.

Keywords High silica MCM-22 � Butene � Cracking �
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1 Introduction

MCM-22 zeolite, a novel microporous material invented

by Mobil [1], has a unique structure which consists of

two independent pore systems. One is defined by two-

dimensional sinusoidal 10-membered-ring (MR) channels

(4.1 Å 9 5.1 Å), and the other is characteristic of 12-MR

supercages (inner diameter 7.1 Å; height 18.2 Å) accessible

by 10-MR windows (4.1 Å 9 5.5 Å) [2]. Besides the two

pore apertures inside the MCM-22 crystals, there are 12-MR

pockets corresponding to half supercages (inner diameter

7.1 Å; height 7.0 Å) on the external surfaces [3, 4]. Due to

its unique structure and acid distribution, MCM-22 catalyst

has been widely used in many hydrocarbon processing

reactions [5–9].

Recently, high silica MCM-22 (Si/Al2 ratio [ 50) was

found to be rather active and selective in the process of

butene cracking [10, 11], which showed good prospects in

meeting the propene supply-demand gap. However, MCM-

22 zeolites could only be synthesized within the Si/Al2
range of 15–80, preferably 20–50 with conventional syn-

thesizing methods [9, 12–15]. Impurities including ZSM-5

and kenyaite often appear in the products with further

increasing Si/Al2 ratios in the synthetic gels [9, 15]. In our

previous work, a boron-containing way for one-pot syn-

thesis of high silica MCM-22 was developed [16]. When

the zeolites with various Si/Al2 ratios were used as

catalysts for 1-butene cracking to propene, the best per-

formance was obtained on a sample with Si/Al2 ratio of

158 due to its suitable acidity [16].

As proved in many hydrocarbon transformation pro-

cesses, the preferences of the reaction pathways and thus

the product distribution were not only influenced by the

nature of catalysts but also by the reaction conditions. In

the butene cracking processes, the formation of the desired

product (propene) is accompanied by a series of by-prod-

ucts, and propene could also undergo secondary reactions

at the same time [6, 10, 16, 17]. Thus propene is a kind of

intermediate products, which means that high conversion in

this reaction does not definitely bring about high propene

yield. On a given catalyst, there must be an optimal reac-

tion condition, both preferred in thermodynamic (reaction

temperature) and in kinetic (contacting time) aspects, for

enhancing the production of propene.

In this study, we have carried out 1-butene cracking

reaction over high silica HMCM-22 (Si/Al2 = 158). The

main purpose of this study is to obtain an optimal operating
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condition for maximizing the propene production on the

catalyst. For this purpose, evolution of the product distri-

bution with the feed conversion was studied. The reaction

pathways, as well as the influences of temperature and

conversion level (contacting time) on the preferences of the

reaction pathways, were also discussed, which could pro-

vide good guidance on enhancing the production of

propene.

2 Experimental

2.1 Materials

Synthesis of the high silica MCM-22 zeolite was according

to literature [16]. A detailed procedure was as follows:

NaOH (96%, AR), Al(NO3)3�9H2O (99.0%, AR), colloidal

silica (25.6 wt% SiO2, 0.06 wt% Al2O3), H3BO3 (99.5%,

AR), and hexamethyleneimine (HMI) (95%, CP) were well

mixed with molar composition of 0.1 Na2O:1.0 -

SiO2:0.0067 Al2O3:0.5 B2O3:1.0 HMI:40.0 H2O. The

mixture was stirred thoroughly for half an hour to form a

homogeneous gel, which was transferred into a 250 mL

stainless steel autoclave. The autoclave together with the

gel was heated to 175 �C and held at this temperature for

168 h while being rotated at 60 rpm. After the crystalli-

zation was completed, the autoclave was cooled by tap

water and the as-synthesized MCM-22 was obtained by

filtrating, washing and drying.

The as-synthesized sample was calcined at 550 �C for

5 h in air to burn off the occluded organics. Then the as-

calcined zeolite was ion exchanged with 0.8 mol/L

NH4NO3 solution triply to give an NH4-form sample,

which was followed by calcination at 550 �C for 2 h to

give HMCM-22. Finally, the HMCM-22 sample was pel-

letized, crushed and sieved to 20–40 mesh particles before

application in the catalytic cracking of 1-butene.

2.2 Characterizations of the High Silica MCM-22

X-ray diffraction (XRD) pattern of the MCM-22 sample

was recorded on an X Pert Pro X-ray diffractometer using

Cu-Ka radiation, operating at 40 kV and 40 mA. The data

were collected in 2h range of 2.5�–50�. XRD results (not

shown) indicated that the synthesized sample was quite

pure MCM-22.

Chemical composition of the MCM-22 was analyzed on

a Magix 601X X-ray fluorescence (XRF) spectrometer.

The Si/Al2 ratio was 158 in the as-synthesized sample and

the same value in HMCM-22. That was quite close to the

Si/Al2 ratio (150) in the synthesis mixture.

Nitrogen adsorption measurement was carried out at

liquid nitrogen temperature (-196 �C) on a Micrometrics

ASAP 2010 equipment. The total surface area, micropo-

rous surface area and micropore volume of the calcined

sample were 477, 339 m2/g, and 0.162 cm3/g, respectively,

indicating that the high silica MCM-22 catalyst possessed

good microporous structure.

The coking amount of the used catalysts was determined

by thermo-gravimetric (TG) analysis on a Perkin–Elmer

TG 1700 instrument. The experiments were carried out in a

temperature range of 25–850 �C, with a heating rate of

10 �C/min in flowing air (100 mL/min).

2.3 Catalytic Evaluations

1-Butene cracking reactions were carried out at ambient

pressure in a fixed-bed reactor with inner diameter of

7 mm. Before every evaluation, 1 g of the catalyst was

pretreated at 500 �C for 1 h in a constant flow of N2

(20 mL/min). Then 1-butene (99.5 wt%, Qilu Petrochem-

ical Co. Ltd) or mixture of 1-butene with nitrogen was

passed through the reactor at desired temperatures. Blank

experiments were carried out with 1 g of quartz sand

placed in the center of the reactor using the same reaction

conditions in order to study the pyrolysis of the feed stocks.

The products were analyzed by an on-line Varian 3800

gas chromatography (GC) equipped with both a flame

ionization detector (FID) and a thermal conductivity

detector (TCD). A 100 m PONA column was used to

separate the components of the products. The hydrocarbons

were detected by the FID and in some runs hydrogen was

also detected by the TCD. The quantitative determinations

were carried out by using the corrected area normalization.

All the butene isomers in the products were considered to

be unconverted feed stocks. The conversion of feed stocks

(X) and the selectivity (S) of a particular product CxHy were

calculated as follows [16, 18]:

X ¼ C4H8% in the feed � C4H8% in the productsð Þ=
C4H8% in the feedð Þ;

S CxHy

� �
¼ CxHy% in the products
� �

=

RCiHj% in the products
� �

;

where all the percentages were in weight percent.

3 Results

In this study, variations of the feed conversion under

defined temperatures were obtained via adjusting the space

velocity and/or the partial pressure of the feed stocks, thus

the experiments need to be carried out on catalysts with

comparable status. In our previous study, the performance

of low silica HMCM-22 catalysts changed greatly during
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the initial 1–2 h, followed by a quasi-plateau stage [6].

However, the situation on high silica HMCM-22 has not

been investigated yet. Therefore, catalytic evaluation of the

high silica HMCM-22 (Si/Al2 = 158) was first performed

along with the time on steam (TOS).

3.1 Evolution of the Catalytic Performance with TOS

on High Silica HMCM-22

The catalytic performance of HMCM-22 was evaluated

under the following conditions: reaction temperature

T = 580 �C, 1-butene partial pressure P = 0.1 MPa, and

the weight hourly space velocity of 1-butene WHSV =

5 h-1 [16]. The results were presented in Fig. 1.

As can be seen from Fig. 1, the catalytic performance of

the high silica HMCM-22 changed significantly during the

first 2 h, which was similar to that of the low silica HMCM-

22 [6]. The conversion of the feed stocks decreased obvi-

ously, accompanied by a rapid increase of the selectivities of

propene and C5
? (non-aromatic hydrocarbons with carbon

number C5), and a marked decrement in the selectivities of

propane and aromatics. The selectivity of ethene showed a

more moderate variation than the other products, it increased

a little at the first half an hour, and then decreased slightly

with further prolonged TOS. After 2 h of TOS, the product

distribution came into a quasi-plateau stage, indicating a

comparable status of the catalyst was achieved. In the fol-

lowing experiments, the conversion variations were

conducted after 2–3 h of the initial pre-coking stages.

3.2 Evolution of Product Distribution with Feed

Conversion Under Various Temperatures

For an on-purpose propene-enhancing process, flexible

temperatures and high selectivity for propene with

acceptable conversion level are desired. As has been

mentioned above, there must be an optimal conversion

level on a given catalyst for enhancing the propene pro-

duction. In order to investigate the preferences of the

reaction pathways and thus obtain the optimal reaction

conditions, studies on the evolution of the product distri-

bution with the conversion level under various tem-

peratures were carried out, as presented in Fig. 2.

As can be seen from Fig. 2a, evolutions of the propene

selectivity with the conversion showed rather similar ten-

dencies under different reaction temperatures. At any

defined temperature, the values increased gradually before

an inflexion, and then decreased rapidly with further

increasing of the conversion level. The conversion corre-

sponding to the inflexion was about 70% at 500 �C, and

those at higher temperatures were about 60%. Among the

selected temperatures, the lowest propene selectivity was

obtained at 500 �C while the highest was obtained at

580 �C at any defined conversion level. Thus 580 �C is the

optimal temperature for enhancing propene. From the

changing tendency of the propene selectivity, the optimal

operating conversion range is 50–65% at 580 �C. If the

conversion exceeds 65%, the selectivity of propene is

unsatisfying; when the conversion is less than 50%,

although the selectivity of propene is still acceptable, the

process may be uneconomical as the single-pass propene

yield is low.

As the growth of propene demanding has outpaced that

of ethene in the global market, the propene/ethene ratio has

become an important index for on-purpose propene-pro-

ducing processes. The evolutions of propene/ethene ratios

with the conversion level on HMCM-22 were given in

Fig. 2b. As can be observed, the propene/ethene ratios

decreased almost linearly with the increasing conversion at

any defined temperature, and they decreased obviously

with the increasing of temperature at any specified

conversion. From the specific values in Fig. 2b, when the

conversion was lower than 65% at 580 �C, propene/ethene

ratios could be larger than 3.2, which is a high value among

C4
? alkene cracking processes for boosting propene

[19, 20].

The selectivity evolutions of two groups of main

byproducts, i.e., aromatics and light alkanes (propane plus

butanes), with the conversion level were depicted in Fig. 2c,

d, respectively. Figure 2c demonstrated that the selectivity

of aromatics increased with the increasing conversion at a

certain temperature, and a more rapidly increasing tendency

was observed when the conversion was higher than 60%. At

any defined conversion level, higher aromatics selectivities

were observed at higher temperatures. From view of inhib-

iting the formation of aromatics, relatively low conversion

level and low reaction temperature are desirable. From the

values in Fig. 2c, the selectivity of aromatics could be lower
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Fig. 1 Infulence of time on stream (TOS) on the catalytic perfor-

mances of high silica MCM-22 (Si/Al2 = 158) in 1-butene cracking.

Reaction conditions: T = 580 �C, P = 0.1 MPa, WHSV = 5 h-1, 1-

butene (99.5 wt%) as feed stock
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than 14% when the conversion level is less than 65% at

580 �C. However, from another point of view, the co-pro-

duction of aromatics, a kind of valuable chemicals, is also

attractive in this process.

As can be observed from Fig. 2d, the selectivity of

propane plus butanes increased slightly with the increasing

conversion (\60%), and more rapidly when the conversion

exceeded 60%. The selectivities of propane plus butanes at

different temperatures maintained an equivalent level of

about 10% when the conversion is less than 60%. However,

they differentiated from each other upon higher conversion

levels, and lower values were obtained at higher tempera-

tures. If the conversion is controlled below 65% at 580 �C,

the selectivity of propane plus butanes would be no larger

than 13%.

Figure 2e presented the selectivities of methane plus

ethane under various temperatures. As can be seen, the

changing tendencies were very similar to those of

aromatics (Fig. 2c). If the conversion is controlled below

65% at 580 �C, the selectivity of methane plus ethane

would be less than 1.5%, whose influence on the propene

production would be negligible.

Figure 2f exhibited similar evolution curves of the C5
?

selectivities with the conversion under various tempera-

tures. As can be seen, the selectivity of C5
? decreased more

and more rapidly with the increment of conversion at any

defined temperature, and it also decreased obviously with

the increasing temperature at any specified conversion

level. A selectivity of C5
? between 30 and 20% could be

obtained if the conversion was controlled between 50 and

65% at 580 �C.

As the amount of alkanes could be reflected directly by the

alkane/alkene ratios in the products, the ratios of the C5

products (as representative of the C5
? species) under various

temperatures were studied and presented in Fig. 3. As can be

seen, the C5 alkane/alkene ratios increased smoothly when
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the conversion was less than 65% and more rapidly beyond

that. At any given conversion level, the C5 alkane/alkene

ratios under various temperatures exhibited almost the same

values when the conversion was lower than 65%, and they

differentiated from each other when the conversion exceeded

65%. Relatively lower ratios were obtained at higher tem-

peratures. When the conversion was lower than 65% at all

temperatures, the C5 alkane/alkene ratios would be less than

0.08, demonstrating that more than 92 wt% of the C5 prod-

ucts are C5 alkenes, which could be recycled as good

cracking feed stocks to further enhance the propene

production.

4 Discussions

4.1 The Main Reaction Pathways Involved in 1-Butene

Cracking

From the product distribution described above, the main

reaction pathways were summarized in Scheme 1. The

hydrogen atoms in the molecular formula of the hydro-

carbons and intermediates were omitted for simplicity. As

depicted in Scheme 1, there are mainly seven groups of

reactions involved in this process:

1. Isomerization. The feed stocks (1-butene) are proton-

ated on acid sites to form [C4
?] intermediates, which

could desorb as butene isomers (via routes 1a, b).

2. Oligomerization. The [C4
?] ions oligomerize with

alkenes Cx
= (such as C3

=, C4
= and C5

=) to form larger

carbenium ions [Cn
?]. As the feed stocks consist

mainly of 1-butene (99.5 wt%), the oligomerization

step proceeds mainly as the dimerization of butenes.

3. Cracking. The [Cn
?] intermediates are catalytically

cracked to propene and ethene, which are denoted as

routes (3a) and (b), respectively.

4. Dehydro-aromatization. Although H2 could be pro-

duced in this process, the amount of H2 was usually

less than 0.02 wt% in the products when pre-coked

high silica HMCM-22 were used as catalysts, thus H2

was usually not calculated.

5. Hydrogen transfer reaction. This is the main pathway

for the formation of the aromatics and light alkanes

(propane and butanes).

6. Alkylation. An alkane molecular Cn?m
0 is formed

when the [Cn
?] is olefinic (route 6a). If the [Cn

?] is an

aromatic carbenium, the product would be an alkylated

aromatic (route 6b).

7. Coking. The polycyclic aromatics (Ar–Ar) are consid-

ered as coke precursors and the repetition of this

reaction leads to coke deposition. In this study, coking

amount was usually less than 0.3 wt% of the total

products, thus it was usually not calculated, similar

with the treatment of the hydrogen.

4.2 Influence of TOS on the Catalytic Performance

of HMCM-22

As described in Sect. 3.1, the feed conversion over high

silica HMCM-22 decreased rapidly, accompanied by great

changes in the product distribution at the initial stage

(Fig. 1). This could be explained by rapid coke formation

(reaction 7) over acid sites in the 12-MR supercages [6]

and part of 12-MR pockets on the external surfaces. During

the quasi-plateau stage, the reactions would mainly take

place in the 10-MR channels and the undeactivated 12-MR

pockets where the coking precursors are not easily formed

and deposited [4, 6]. That may be also one reason for the

product distribution on HMCM-22 is intermediate between

those on HZSM-5 and HY zeolites [18]. The results also

demonstrated that acid sites in different pore apertures

would bring about different selectivity and stability, in

0 10 20 30 40 50 60 70 80 90 100

0.0

0.1

0.2

0.3

0.4

0.5

0.6

65 %

 500 oC

 540 oC

 580 oC

 620 oC

C
5 a

lk
an

e/
al

ke
ne

 r
at

io
 (

W
t/

W
t)

X C
4
H

8
, %

0.08

Fig. 3 Evolution of C5 alkane/alkene ratios with the conversion

under various temperatures in the reaction of 1-butene cracking on

high silica MCM-22

Scheme 1 Main reaction pathways of 1-butene cracking on high

silica MCM-22. Note: Ci
=, alkenes with carbon number of i; [Cn

?],

carbenium ions with carbon number of n; Cj
0, alkanes with carbon

number of j; Ar, aromatics; Cm–Ar, alkylated aromatics; Ar–Ar,

polycyclic aromatics

208 G. Xu et al.

123



accordance with the results on zeolites with various to-

polgies in butene cracking process [18].

4.3 Influence of Reaction Temperature on the Product

Distribution

As chemical equilibrium of the butene isomers can be

easily achieved under the cracking conditions [17, 21], the

isomerization reactions (1a) and (b) would have little

influence on the product distribution. Then the product

distribution is determined mainly by the other 6-group

reactions.

In general, the cracking reactions, i.e., (3a) and (b),

which account for the formation of propene and ethene,

proceed mainly via b-scission of the carbenium ions.

Comparatively, the latter is less energetically favorable,

owing to the formation of unstable primary carbenium ions

[22]. Thus the formation of ethene is less favored at lower

temperatures. However, in parallel reactions, the one which

has higher activation energy would be more accelerated by

raising temperature [23]. So reaction (3b) is promoted to a

larger extent with the increasing of the reaction tempera-

ture, which brings about lower propene/ethene ratios at

higher temperatures (Fig. 2b).

As has been addressed in Sect. 4.1, the formation of aro-

matics involves mainly two pathways. One is the

dehydrogenation route, i.e., reaction (4), which is a strongly

endothermic reaction [24]. This reaction is favored at ele-

vated temperatures, which results in the higher selectivities

of aromatics at higher temperatures (Fig. 2c). The significant

formation of the aromatics at 620 �C also caused a decre-

ment of the propene selectivities compared with those at

580 �C (Fig. 2a) in that large amount of [Cn
?] intermediates

were consumed by reaction (4). Unlike reaction (4), the other

pathway for the formation of aromatics, i.e., the hydrogen

transfer reaction (5), is weakly exothermic and thermally

unfavored [24]. Thus this reaction does not contribute to the

high selectivities of aromatics at high temperatures.

Besides the contribution to the aromatics, reaction (5) is

also the main pathway for the formation of the alkanes. As

it is unfavored at higher temperatures, the selectivities of

propane plus butanes (Fig. 2d) and the C5 alkane/alkene

ratios (Fig. 3) exhibit lower values at higher temperatures.

C5
? species are mainly formed by incompletely crack-

ing of the oligomeric intermediates (3a, b), of course, the

contribution of the oligomerization (2) and alkylation (6a)

reactions could not be excluded. The cracking reactions are

endothermic while the latter two reactions are exothermic

[24], thus the increasing of the reaction temperatures pro-

moted further cracking of C5
? species (via routes 3a, b)

and also inhibited the reactions (2) and (6a), which

accounts for the lower C5
? selectivities at higher temper-

atures (Fig. 2f).

Besides catalytic cracking routes, pyrolysis of the

intermediates may also exist in the process. Blank experi-

ments carried out in this study indicated that the pyrolysis

conversion was usually lower than 10% at 620 �C and no

more than 3% at other selected temperatures. Such low

conversions mean that catalytic reactions are the main

reactions in the process, and that is why pyrolysis reactions

are not included in the main reactions discussed in Sect.

4.1. But it gives a clue that pyrolysis would occupy some

proportion at relatively high temperatures, which may

contribute to the higher selectivities of methane plus ethane

at higher temperatures (Fig. 2e) [25].

Besides pyrolysis of the intermediates, the formation of

methane and ethane is also related with the dealkylation of

the alkylated aromatics [18]. Thus the evolutions of the

selectivities of methane plus ethane with the conversion

level (Fig. 2e) show obvious similarity with those of the

aromatics (Fig. 2c).

From the discussions above, the product distribution is

strongly affected by the reaction temperature. The optimal

temperature for propene production has to be the one that

promotes the catalytic cracking and at the same time inhibits

the side reactions to the greatest extent. Combined with the

results in Sect. 3.2, 580 �C is undoubtedly the best choice.

4.4 Evolution of Product Distribution with the

Conversion Level

In the consecutive reactions of propene formation and con-

sumption, viz. C4 alkene oligomerization (2), [Cn
?] cracking

(3a) and hydrogen transfer reactions (5), propene is an

intermediate product. For consecutive reactions, there must

exist an optimal contacting time for maximizing the inter-

mediate product on a given catalyst under a defined

temperature [23]. In this study, the contacting time is con-

trolled by variations of the space velocity and partial

pressure of the feed stocks. As the catalyst status is com-

parable, long contacting time of the feed stocks and the

catalyst corresponds to high conversion level. When the

conversion is low (\50%), reaction (3a) proceeds incom-

pletely as the contacting time is too short, leading to a low

selectivity of propene (Fig. 2a) and high selectivity of C5
?

species (Fig. 2f). With the increasing conversion level

(contacting time), the cracking of the intermediates is pro-

moted, thus the propene selectivity increases when the

conversion level is lower than 65% (Fig. 2a). With further

increasing of the contacting time (conversion level [ 65%),

the chance of bimolecular hydrogen transfer reaction (5) is

increased to a larger extent, resulting in a noticeable dec-

rement of propene selectivity (Fig. 2a) and an increment of

propane selectivity (Fig. 2d).

Besides the consecutive reactions, there are also some

parallel reactions, which have a common characteristic that
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they consume the intermediates [Cn
?]. Among them,

reactions (3b, 4, 5) are the main ones competing with the

propene-producing reaction (3a), while other reactions (6a,

b) would also have some minor influences.

As has been addressed in Sect. 4.2, the catalytic crack-

ing of C4
? alkenes to ethene (3b) is less energetically

favorable. However, under relatively higher reaction

severity (longer contacting time), more ethene could be

formed via further cracking of C4
= and C5

= in the 10-MR

channels of MCM-22 zeolite [6], resulting in the lower

propene/ethene ratios at higher conversion levels (Fig. 2b).

The dehydro-aromatization route for the formation of

aromatics, i.e., reaction (4), is essentially a multi-step

process, which involves multi-step dehydrogenation and

cyclization reactions. Thus the prolongation of the con-

tacting time (increment of the conversion level) directly

favors the ultimate formation of aromatics. As has been

discussed above, hydrogen transfer reactions (5) are also

favored at prolonged contacting time. These reactions

account for the high selectivities of aromatics (Fig. 2c) and

propane plus butane (Fig. 2d) as well as high C5 alkane/

alkene ratios (Fig. 3) at high conversion levels.

Although the alkylation reactions (6a, b) would also be

accelerated by increasing of the contacting time as they are

secondary reactions, the reactions in their opposite direc-

tions, i.e., the cracking and dealkylation, are promoted to

even larger extents. That is incarnated by the decrease of

C5
? selectivity (Fig. 2f) and the increase of the methane

plus ethane selectivity (Fig. 2e) with the increment of

conversion level. Thus these reactions do not contribute

much to the product distribution.

From the results in Fig. 2, when the conversion level is

lower than 60%, the main reactions involved can be divided

into three groups, namely the oligomerization/alkylation (2,

6), the cracking (3), and the hydrogen transfer (5) reactions.

As the products of hydrogen transfer reactions showed

smooth tendencies along the conversion level (see Figs. 2c,

d, 3), the selectivity of propene is mostly influenced by the

cracking severity of the intermediates. Thus the increasing

of contacting time favors the formation of propene. If the

conversion exceeds 60%, the decrement of the propene

selectivity with the increasing conversion level can be

ascribed to the increase of the side reactions (4, 5). Thus the

optimal conversion range for enhancing propene would be

50–60% on the high silica HMCM-22.

5 Conclusions

The product distribution and reaction pathways in 1-butene

cracking on high silica HMCM-22 zeolite were investigated

in detail. It can be concluded that high temperature could

promote the cracking reactions and inhibit the hydrogen

transfer processes; however, it could also accelerate side

reactions such as aromatization and pyrolysis. Deduced

from the evaluation data, the most suitable temperature

would be 580 �C, the suitable range of the feed conversion

would be 50–60% for enhancing the propene production.

Under the optimal conditions, the reaction intermediates are

well cracked and the main side reactions are inhibited to the

greatest extent, and a high selectivity of propene (about 40

wt%) could be obtained.
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