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Abstract The phosphorus-modified ZSM-5/ZSM-11

intergrowth zeolites has been used for the catalytic con-

version of methanol to hydrocarbons. As evidenced by

MAS NMR and NH3-TPD, the modification by phosphorus

leads a distinct decrease of the BrØnsted acid sites and the

acid strength of the catalysts in comparison with the parent

ZSM-5/ZSM-11, which causes a dramatic improvement of

the selectivity towards propylene. At 400 �C, the ratio of

propylene to ethylene can reach about 8.0. A comparison

with the conventional ZSM-5 zeolite has been also carried

out in the present study.
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1 Introduction

Ethylene and propylene are very important petrochemical

products. To meet the growing demand for olefins, meth-

anol to olefins (MTO) and methanol to propylene (MTP)

processes are promising in the future [1]. Olefin selectivity

is a key issue for methanol conversion. With the propylene

demand growing quickly in recent years, much more

attention has been paid to methanol or DME to propylene

reaction recently. High selectivity of propylene has been

obtained on modified ZSM-5 zeolites [2, 3]. Phosphorus-

modified ZSM-5 has been extensively investigated in

methanol conversion [4–14], and catalytic cracking reac-

tion [15–20]. The structure of p-modified ZSM-5 has been

characterized by many research groups [21–27]. Phospho-

rus modification is an effective method in MTO and MTP

reactions. Introduction of Phosphorus into ZSM-5 can

enhance light olefin selectivity while significantly reducing

aromatic selectivity.

MFI has a straight channel and sinusoidal channel

intersecting with each other. MEL is formed by two sets of

straight channels. The pore dimension between MFI and

MEL is almost the same and the formation of intergrowth

zeolitic structure is possible. The structure of ZSM-5/ZSM-

11 intergrowth zeolites has been characterized by HREM

[28–32], X-ray diffraction [33] and Fluorescence Micros-

copy [34, 35]. The structure segment of ZSM-5/ZSM-11 is

made up of inversion center of MFI and mirror symmetry

of MEL connecting with pentasil chains. ZSM-5/ZSM-11

intergrowth zeolites have been used in catalytic reactions,

such as n-decane cracking reaction [36] and benzene

alkylation with dilute ethylene to ethylbenzene [37, 38]. It

exhibits intermediate catalytic performance between MFI

and MEL structure in n-decane cracking reaction. ZSM-5/

ZSM-11 has been considered an excellent catalyst in con-

verting benzene with dilute ethylene in FCC (fluid catalytic

cracking) off-gas to ethylbenzene reaction. However, there

is little report of ZSM-5/ZSM-11 intergrowth zeolites in

the methanol conversion reaction. In this study, the

p-modified ZSM-5/ZSM-11 intergrowth zeolites were

prepared and characterized by various techniques and

evaluated in the methanol to hydrocarbons (MTH) reaction.
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As a comparison, the commonly used ZSM-5 zeolite has

also been modified and tested in the MTH reaction. 1H

MAS NMR and NH3-TPD have been applied to detect the

acidity of the catalysts. The variations of the acidity after

post-treatment via phosphorus modification may be corre-

lated to the catalytic performance in MTH reaction.

2 Experimental

2.1 Catalyst Preparation

HZSM-5 zeolite was purchased from Nan Kai Company,

China. HZSM-5/ZSM-11 intergrowth zeolites were pro-

vided by BASF Chemical Company, Germany. They are

commercial products and used as received. The p-modified

zeolite samples were prepared by impregnating 1.0 g cata-

lyst into 10 mL aqueous solution containing desired amount

of phosphoric acid. The suspension was dried at 50 �C for

24 h under vacuum, and finally calcined at 550 �C for 3 h.

P-modified zeolites containing 9 wt% of phosphorus were

denoted as xP-ZSM-5 and xP-ZSM-5/ZSM-11.

2.2 Catalyst Characterization

2.2.1 XRD, N2 Adsorption

XRD patterns were obtained at room temperature on a

Rigaku D/Max-RB diffractometer using CuKa radiation.

Powder patterns of the samples were recorded over a range

of 2h values from 5 to 50� at 40 kV and 100 mA with a

scanning rate of 5 deg/min. The integrated signal intensi-

ties at 2h = 23.2, 23.8, 24.3� were used to calculate the

relative crystallinity [39] .

Nitrogen adsorption experiments were performed at

-196 �C on an ASAP 2000 system in the static measurement

mode. Samples were degassed at 350 �C for 10 h before the

measurements. Specific surface areas were calculated by the

Multipoint BET method, and the total pore volume was

determined by N2 adsorption at a relative pressure of 0.99.

2.2.2 MAS NMR Measurements

All NMR spectra were recorded on a Varian Infinityplus-

400 spectrometer. 27Al MAS NMR spectra were recorded

at a resonance frequency of 104.2 MHz with a spinning

rate of 10 kHz. Chemical shifts were referenced to

(NH4)Al(SO4)2�12H2O at -0.4 ppm as a secondary refer-

ence. The spectra were accumulated for 1,024 scans with

p/4 pulse width of 1.8 ls and 2 s recycle delay. 29Si MAS

NMR spectra were obtained at 79.4 MHz using 7.5-mm

MAS probe with a spinning rate of 4 kHz. Chemical shifts

were referenced to 4,4-dimethyl-4-silapentane sulfonate

sodium (DSS). 1,024 scans were accumulated with a p/4

pulse width of 2.15 ls and a 4 s recycle delay. 31P MAS

NMR spectra were measured with proton high power

decoupling, and H3PO4 as chemical shift reference at a

resonance frequency of 161 MHz. 31P MAS NMR was

recorded using 4 s recycle delay, p/4 pulse width of 1.5 ls.

Before the 1H MAS NMR measurements, samples were

dehydrated at 450 �C over 20 h under the pressure below

10-2 Pa. 1H MAS NMR spectra were collected at

399.9 MHz with a 4 s recycle delay, 80 scans and spinning

rate of 10 kHz. Chemical shifts were referenced to

admantane. The Dmfit software was used to deconvolution

using fitted Gaussian–Lorentzian line shapes [40].

2.2.3 NH3-TPD

Temperature-Programmed Desorption of Ammonia (NH3-

TPD) measurements were carried out in a conventional

U-shaped stainless-steel micro-reactor (i.d. = 4 mm) using

flowing helium (He) as the carrier gas. The NH3-TPD

process was monitored by an on-line gas chromatograph

(Shimadzu GC-8A) equipped with a TCD detector. Typi-

cally 0.14 g sample was pretreated at 600 �C for 1 h in

flowing He (25 mL/min), then cooled to 150 �C and satu-

rated with NH3 gas. After that, the sample was purged with

pure He stream for certain time until a stable GC-baseline

was attained. Finally NH3-TPD experiment was carried out

in the range of 150–600 �C at a heating rate of 18.8 �C/min.

2.3 Catalytic Evaluation

Methanol conversion was carried out under atmosphere

pressure in a continuous reacting system with quartz fixed-

bed reactor loading 60 mg powder catalyst. Methanol was

fed to reactor from a saturator using N2 carrier gas. The

saturator temperature was kept at 26.1 �C (methanol

WHSV = 2 h-1) by a thermostatic bath. Before each cat-

alytic test, the catalyst was activated in situ for 1 h at 450 �C

under N2 flow to remove the moisture and cooled down to

the desired temperatures. The gas sample was injected into

GC after 10 min at each temperature, and then the system

was switched to N2 flow and heated to the next temperature

point. The product distribution was analyzed by on-line gas

chromatography (HP 6890) equipped with a flame ioniza-

tion detector and 30-m HP-PLOT Q capillary column.

3 Results and Discussion

3.1 XRD Patterns and N2 Adsorption Data

XRD patterns of ZSM-5 and ZSM-5/ZSM-11 intergrowth

zeolites are shown in Fig. 1. The parent ZSM-5 and
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intergrowth ZSM-5/ZSM-11 zeolites show high crystal-

linity. ZSM-5 has the typical MFI structure. The XRD

pattern at 2h = 20–25� has three peaks in ZSM-5 sample

and two obvious peaks at 2h = 44–48�. ZSM-11 has two

peaks at 2h = 20–25� and only one peak at 2h = 44–48�
according to the literature [41]. These are the main dif-

ferences between ZSM-5 and ZSM-11 from the XRD

profiles. By comparing the pattern features in Fig. 1a and b,

it is clear that there is MEL phase in ZSM-5/ZSM-11

intergrowth zeolites besides the MFI phase. But we can not

tell the exact amount of each phase from XRD patterns

because of the peak overlapping. The relative crystallinities

of p-modified samples in Table 1 indicate obvious

decrease, which may be due to the serious dealumination as

can be seen from the following MAS NMR measurements.

The BET surface area and pore volume of ZSM samples

calculated by N2 adsorption are listed in Table 1. The total

pore volume of ZSM-5/ZSM-11 is larger than that of ZSM-

5 probably due to additional volume in cavity formed at the

intersections of the channels and/or interparticle voids [29].

Phosphorus modification results in a decrease in the surface

area and pore volume, which may be also ascribed to

dealumination caused by the phosphorus.

3.2 27Al MAS NMR

27Al MAS NMR spectra can be used to determine the

coordination of the aluminum species in aluminasilicate

zeolite. Figure 2 shows 27Al MAS NMR spectra of parent

and p-modified samples. For H-form samples, a strong

sharp peak can be observed at 54 ppm which can be

assigned to tetrahedral framework aluminum species [39].

And a relatively weak signal can be seen at 0 ppm which

can be attributed to octahedral aluminum species, indicat-

ing that there exists small amount of extra-framework

aluminum in H-form catalyst (see Fig. 2a, b). When ZSM-

5 and ZSM-5/ZSM-11 zeolites were impregnated with

phosphorus acid, many new peaks appeared at ca.

-14 ppm and ca. 30–40 ppm. The former peak is due to

octahedral aluminum attached to phosphorus atom [42].

And the assignment of latter peaks can be difficult because

too broad peaks overlapping. It can be attributed to tetra-

hedral aluminum in a distorted environment at framework

location [43]. Zhuang et al. [15] ascribed the broad reso-

nance to the interaction of H3PO4 with extra-framework

aluminum that might lead to the formation of different

types of aluminum phosphate. It exhibits as broad reso-

nance in one dimensional 27Al MAS NMR. In contrast to

4P-ZSM-5, much more framework aluminum has been

removed over 4P-ZSM-5/ZSM-11 intergrowth zeolites

from 27Al MAS NMR spectra. This may be due the better

chemical stability of ZSM-5 than ZSM-11 upon acid

treatment according to the results of Simon et al. [44]. In

our case dealumination occurs more easily over ZSM-5/

ZSM-11 intergrowth zeolites.

Fig. 1 XRD patterns of a HZSM-5; b HZSM-5/ZSM-11; c 4P-ZSM-

5; d 4P-ZSM-5/ZSM-11

Table 1 BET surface areas, silicon to aluminum ratios, relative

crystallinities and pore volumes of the catalysts

Sample Si/Ala SBET

(m2/g)

Relative

crystallinityb
Total pore

volume (cm3/g)

HZSM-5 26 367 100 0.22

HZSM-5/ZSM-11 25 392 100 0.36

4P-ZSM-5 55 192 68 0.15

4P-ZSM-5/ZSM-11 103 311 63 0.33

a Calculated from 29Si MAS NMR spectra
b Based on XRD patterns

(ppm) -100-50050100150

(a)

(b)

(c)

(d) 54 0 -14

Fig. 2 27Al MAS NMR spectra of a HZSM-5; b HZSM-5/ZSM-11; c
4P-ZSM-5; d 4P-ZSM-5/ZSM-11
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3.3 29Si MAS NMR

Figure 3 shows 29Si MAS NMR spectra of the p-modified

zeolite samples. The resonances at -113 and -117 ppm are

attributed to the crystallographically inequivalent sites of

the Si(OSi)4 groups in ZSM-5 and ZSM-5/ZSM-11 zeolites

[39]. The peak at -107 ppm is assigned to Si(OAl)(OSi)3

groups. The peak at -103 ppm is ascribed to the silanols

with the structure of Si(OSi)3OH. According to the Loe-

wenstein’s rule, the framework Si/Al ratios of the zeolites

can be calculated by deconvolution of the 29Si MAS NMR

spectra. As shown in Table 1, the framework Si/Al ratio

increased obviously because of dealumination occurring

during phosphorus modification procedure. It can be seen

that the framework Si/Al increased much higher over ZSM-

5/ZSM-11 intergrowth zeolites than that of ZSM-5. This is

consistent with the results from 27Al MAS NMR.

3.4 31P MAS NMR

Figure 4 presents 31P MAS NMR spectra of p-modified

ZSM-5 and ZSM-5/ZSM-11 intergrowth zeolites. The

resonance at ca. 0 ppm is ascribed to excess phosphorus

species which did not interact with framework aluminum

[21, 24, 25]. The signal at ca. -6 ppm is associated with

phosphorus species in pyrophosphorus or polyphosphoric

acid [25, 26, 45, 46]. The peak at ca. -12 ppm is assigned

to p species for middle groups of pyrophosphorus or other

short-chain polyphosphates [46]. The lines at -20 to

-40 ppm are very broad. The assignments of these peaks are

still controversial. According to the literature, these signals

can be attributed to aluminum phosphate or highly con-

densed polyphosphate species. The resonance at -46 ppm is

due to P species in P4O10 [26, 47, 48]. It can be seen that

P species on ZSM-5 and ZSM-5/ZSM-11 are almost the

same except that p-modified ZSM-5 has much more P4O10.

This is because dealumination occurs severely over ZSM-5/

ZSM-11 compared to ZSM-5, and a lot of phosphorus acid

may not react with framework aluminum on ZSM-5 zeolite.

After the zeolite was calcined, many P species exist as P4O10

remaining on ZSM-5.

3.5 1H MAS NMR

High-resolution 1H MAS NMR is a powerful and direct

approach for characterizing the acidic sites in zeolites. 1H

MAS NMR spectra of p-modified ZSM-5 and ZSM-5/

ZSM-11 zeolites are presented in Fig. 5. The signals

between -0.5 and 0.5 ppm is attributed to the non-acidic

unperturbed extra-framework aluminum hydroxyls [49].

The low-field peak at ca. 2.4 ppm is nonframework Al–OH

due to hydrogen bond between Al–OH and neighbouring

oxygen atoms. The silanol groups appear at 1.8 ppm. The

bridging hydroxyl groups, namely BrØnsted acid site can

be observed at 3.9 ppm [50]. The main peak in Fig. 5a is at

3.9 ppm indicating a lot of BrØnsted acid sites in parent

ZSM-5. Compared to ZSM-5, the amount of silanol groups

is higher than that of BrØnsted acid sites on ZSM-5/ZSM-

(ppm)-120-110-100-90

-117-113-107-103

(a)

(b)

(c)

(d)

Fig. 3 29Si MAS NMR spectra of a HZSM-5; b HZSM-5/ZSM-11; c
4P-ZSM-5; d 4P-ZSM-5/ZSM-11

(a)

-12

(b) *

*

0

-6

-46

(ppm)-50050100

Fig. 4 31P MAS NMR spectra of a 4P-ZSM-5; b 4P-ZSM-5/ZSM-

11, * denotes spin sideband

(ppm)
-6-4-2024681012

3.9
1.82.4

(a)

(b)

(c)

(d)

Fig. 5 1H MAS NMR spectra of a HZSM-5; b HZSM-5/ZSM-11; c
4P-ZSM-5; d 4P-ZSM-5/ZSM-11
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11(see Fig. 5b). The intensity at 3.9 ppm decreases obvi-

ously after phosphorus impregnation due to extraction of

aluminum from the zeolitic framework and the subsequent

appearance of phosphorus species at about 5.0 ppm. These

have been proven by 27Al MAS NMR and 29Si MAS NMR

spectra.

3.6 NH3-TPD

Figure 6 shows the NH3-TPD profiles of all the samples. For

the parent HZSM-5, there are two peaks in the spectrum.

The first one is at 265 �C,which is attributed to weak acid

site. The second peak is at 470 �C,which is ascribed to

strong acid site. Compared to HZSM-5, the desorption of

HZSM-5/ZSM-11 is almost the same peak location while

the intensity is much lower due to the lower amount of

BrØnsted acid sites. The temperature of desorption peaks

over p-modified samples reveal the different acid strength

(see Fig. 6c, d). It can be seen that high temperature peak

almost disappears in 4P-ZSM-5/ZSM-11 sample. And the

low temperature peak shifts from 265 to 292 �C,indicating

that p-modified ZSM-5/ZSM-11 increases weak acid

strength. Similar phenomenon happened on 4P-ZSM-5. But

the strong acid sites show a broad peak at about 400 �C on

4P-ZSM-5. It means that acid strength remained in 4P-ZSM-

5 is much higher than that remained in 4P-ZSM-5/ZSM-11.

3.7 Catalytic Performance of P-Modified ZSM-5 and

ZSM-5/ZSM-11 Intergrowth Zeolites for Methanol

to Hydrocarbons Reaction

The catalytic performances of p-modified ZSM zeolites for

MTH reaction in the temperature range of 250–550 �C are

shown in Fig. 7. The temperature effect on methanol

conversion is similar between HZSM-5 and HZSM-5/

ZSM-11 intergrowth zeolites, it reaches 100% above

300 �C(see Fig. 7a). The p-modified sample exhibits dif-

ferent catalytic behavior in methanol conversion. The

methanol conversion increased with temperature increasing

over p-modified samples. The need for high temperature

for methanol conversion may be due to the decrease in acid

strength and BrØnsted acid amount on p-modified zeolites

as indicated by above NH3-TPD and 1H MAS NMR

results.

The general trend for ethylene selectivity increases with

increasing temperatures on the parent zeolites. The p-

modified sample shows lower ethylene selectivity below

10% compared to the parent samples at higher tempera-

tures (Fig. 7b). The selectivity of propylene also increases

with increasing temperatures (Fig. 7c). Propylene selec-

tivity can be improved obviously on p-modified samples.

The acid strength decrease of p-modified sample is

responsible for the propylene selectivity improvement. One

reason is that phosphorus modification can suppress

hydrogen transfer reaction. The acid strength is relevant to

hydrogen transfer reaction [51]. Another reason was pro-

posed that propylene oligomerization were suppressed on

the p-modified catalyst because the formation of bulky

phosphorus compounds block the sterically demanding

reactions [13].

C4
= selectivity follows the same trend as propylene

selectivity. The p-modified ZSM-5/ZSM-11 shows the

highest C4
= selectivity of about 25% at 400 �C (Fig. 7d). It

should be noted that after phosphorus modification, the

selectivity of ethylene decreased compared to parent ZSM

sample in contrast to the selectivities of propylene and

butylene increasing. BjØrgen et al. [52–55] proposed two

cycles of light olefins production on ZSM-5 zeolite. One

route is ethylene and aromatics cycle and another one is

C3
? alkenes cycle. Ethylene may be formed from lower

methylbenzenes. Propylene and higher alkenes may be

formed from alkenes methylation and cracking reactions.

Our above results show that the trend of ethylene selec-

tivity is different from that of propylene and butylene,

which, to some extent, also supports BjØrgen’s proposal. It

was possible to tune zeolite acidity via post-modification to

make C3
? alkenes formation dominant in product distri-

bution. The different acid strength between p-modified

ZSM-5 and ZSM-5/ZSM-11 may result in the enhancement

of propylene and butylene selectivity.

When the selectivity of light olefin increases, obviously

the selectivity of C5
? decreases correspondingly on p-

modified samples (Fig. 7e). Phosphorus modification sup-

presses the secondary reaction and reduced the amount of

aromatics and alkanes [4]. So, p-modified ZSM-5/ZSM-11

has lower C5
? selectivity than that on ZSM-5 at higher

temperatures.
Fig. 6 NH3-TPD profiles of a HZSM-5; b HZSM-5/ZSM-11; c 4P-

ZSM-5; d 4P-ZSM-5/ZSM-11
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The ratio of propylene to ethylene can reach about 8.0

over 4P-ZSM-5/ZSM-11, which is almost twice than that

on 4P-ZSM-5 at 400 �C (Fig. 7f). Phosphorus modification

can distinctly enhance selectivity of light olefins and pro-

pylene over ZSM-5/ZSM-11 intergrowth zeolites.

DME as a product was calculated in the catalyst selec-

tivity. DME selectivity decreased to zero over parent

samples above 300 �C (see Supplement Fig. S1a). The

DME over p-modified samples can completely convert to

hydrocarbons above 400 �C. DME selectivity is almost the

same between parent ZSM-5 and ZSM-5/ZSM-11. The

selectivity of olefins (C2
=–C4

=) is above 80% at 500 �C over

4P-ZSM-5/ZSM-11 zeolites. 4P-ZSM-5/ZSM-11 zeolites

exhibit higher selectivity of light olefins than 4P-ZSM-5

(Supplement Fig. S1b). P-modified ZSM zeolites exhibit

much lower alkanes selectivity (Supplement Fig. S1c)

because secondary reaction, such as hydrogen transfer

reaction can be suppressed due to acid strength reduction

[56].

4 Conclusions

It is found that p-modified ZSM-5/ZSM-11 intergrowth

zeolites show better catalytic performance in MTH reaction

than ZSM-5. The selectivities of propylene and olefins are

improved obviously compared to ZSM-5. The propylene to

ethylene ratio reaches about 8.0 at 400 �C over p-modified

ZSM-5/ZSM-11 intergrowth zeolites. Characterizations

suggest that the acid strength plays an important role in

Fig. 7 Catalytic performances

of p-modified ZSM-5 and ZSM-

5/ZSM-11 intergrowth zeolites

in MTH reaction. Methanol

conversion (a); selectivities of

ethylene (b); propylene (c);

butylenes (d); C5? (e); Ratio of

propylene to ethylene (f). ZSM-

5 (black square); ZSM-5/ZSM-

11 (red circle); 4P-ZSM-5 (blue
triangle); 4P-ZSM-5/ZSM-11

(pink inverted triangle)
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increasing light olefin selectivity. The reduction of acid

strength can improve the selectivity of propylene and

butylene and decrease the selectivity of ethylene and aro-

matics over ZSM-5/ZSM-11 intergrowth zeolites. p-modi-

fied ZSM-5/ZSM-11 intergrowth zeolites may become a

potential catalyst for methanol conversion to propylene.
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