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SAPO-34 zeolites with uniform mesopores have been 

successfully synthesized using polyethyleneimine (PEI) 

dendrimer as co-template through conventional 

hydrothermal synthesis for microporous crystalline SAPO-34. 10 

This series of SAPO-34 possesses higher BET specific surface 

area (as high as 560 m2g-1) and larger mesoporous volume (as 

large as 0.27 cm3 g-1). The size and volume for the mesopores 

can be adjusted by the molecular weight and the amount of 

the PEI added. The hierarchical SAPO-34 would be potential 15 

industrial catalysts for methanol-to-olefin (MTO) and 

methanol-to-propylene (MTP) conversions. 

Owing to their high surface area, large pore volume, uniform 

microporous channels, and excellent thermal and hydrothermal 

stabilities, zeolites especially microporous crystalline 20 

aluminophosphates (AlPOs), silicoaluminophosphates (SAPOs) 

and metal-substituted AlPOs (MAPOs) are currently regarded as 

the most useful zeolitic catalysts for industrial processes 

including oil refining and manufacture of fine chemicals.1-5 For 

example, SAPO-34 zeolite has been shown as an efficient 25 

industrial catalyst for MTO and MTP conversions.5 However, the 

micropores are easy to be plugged by coking, which tends to 

deactivate rapidly the catalysts. With the discovery of surfactant-

templated synthesis of mesoporous silicate based molecular 

sieves,6 which offer fast mass transfer along with size and shape 30 

selectivity, developing a new class of hierarchical mesoporous 

zeolites becomes a focus of interest for catalyst researchers.7-10 

Mesoporous SAPO-34 zeolites exhibiting excellent catalytic 

performance have received increasing attention and have been 

successfully synthesized using various surfactants.11-14 For 35 

example, Yu et al. reported that hierarchical porous SAPO-34 

catalysts were successfully synthesized using organosilane 

surfactant, ([3-(trimethoxysilyl)propyl]–octadecyldimethyl-

ammonium chloride) as the mesopore template by direct 

hydrothermal crystallization.13 However, use of expensive 40 

surfactants as the templates not only increases the cost of zeolites, 

but also lacks good control of  the size and volume of the 

mesopores. 

In recent years, significant progress has been made in controlled 

synthesis of zeolites using various polymers.15,16 Miyake et al. 45 

reported that ordered mesoporous silicoaluminophosphates were 

synthesized using PEO106PPO70PEO106 triblock copolymer.17 

Compared with the block polymers, polyethyleneimine (PEI) is a 

dendrimer with a repeating unit composed of an amine group and 

two-carbon chain, and that is inexpensive and readily available in 50 

several molecular weights,18 which differs far from currently used 

meso-templates. Previous work19,20 revealed that PEI molecules 

are highly coiled at basic conditions (pH > 9), and while at acidic 

conditions (pH < 7) are elongated. Silylated polyethylenimine has 

been successfully applied as the silicon source and the meso-55 

template to synthesize MFI type zeolites with uniform 

intracrystalline mesopores, and it was believed that the silylation 

is essential for effective incorporation of the polymer into a 

growing zeolite matrix and formation of the mesostructure.21 

However, silylation of the polymers makes the synthesis of 60 

mesoporous zeolites complicated and expensive. Therefore, 

synthesizing mesoporous zeolites using non-silylated PEI directly 

as the template becomes an interesting topic and challenging 

problem. 

 65 

 
Scheme 1 Proposed synthesis mechanism for mesoporous SAPO-

34. 

 

Herein, we report a novel strategy using PEI as the mesopore 70 

directing agent to synthesize SAPO-34 with uniform mesopores. 

Scheme 1 illustrates our synthetic route for templating uniform 

mesopores within a zeolite matrix. Triethylamine (TEA) and PEI 
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(Mw=70000) were selected as the directing agents for micropores 

and mesopores, respectively. Phosphoric acid was involved 

during the formation of zeolite gel to protonate the amine groups 

of PEI. In this scheme, the protonated PEI polymer is used as a 

porogen for the formation of intracrystal mesopores. The 5 

protonated PEI chains are elongated at low pH and well 

connected through hydrogen bonding and van der Waals forces 

interactions between ethyleneimine segments. The PEI molecules 

interact with oxide species in the silica–alumina- phosphoric acid 

sol–gel system through molecular self-assembly based on non-10 

covalent bonds such as hydrogen bonding and van der Waals 

forces. During the hydrothermal process, the incorporated PEI 

molecules segregate from the zeolite matrix, forming an 

interconnected continuous crystalline SAPO-34 phase and 

organic amine liquid crystal phase by molecular self-assembly 15 

and zeolite crystallization. After crystallization at 200 ℃ for 50 h, 

particulate hydrothermal products were filtered, washed and 

calcined to remove the TEA and PEI templates, and SAPO-34 

molecular sieve with mesoporous structures was obtained, which 

was denoted as PEI-SAPO-34. In order to investigate the impact 20 

of the molecular weight and amount of the PEI on the 

mesostructure of PEI-SAPO-34, PEI templates of two different 

molecular weights (Mw=1800 and 10000) were studied as well. 

Furthermore, the above strategy was applied for preparation of 

ZSM-5 and LTL molecular sieves which requires basic synthesis 25 

conditions. For comparison, conventional SAPO-34 was also 

synthesized without addition of the PEI templates. 

5 10 15 20 25 30 35 40
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Fig. 1 X-ray diffraction patterns of SAPO-34 and PEI-SAPO-34 

zeolites. 30 

 

As shown in Fig. 1, in comparison with the conventional SAPO-

34, XRD patterns of the as-synthesized samples show well-

resolved peaks in the range of 5–40° (Fig. 1), which are in good 

agreement with that of SAPO-34 rhombohedral structure (JCPDS  35 

01-087-1527) as indicated by diffraction peak at 2θ = 9.4, 12.9, 

16.15, 20.5, 26.1 and 30.5° without any presence of impurity 

phase, which were indexed to (101), (110), (021), (121), (220) 

and (401) planes of SAPO-34, respectively.22 However, the 

corresponding I(101)/I(121) ratio obviously decreased from 3.14 to 40 

0.47 with increasing the molecular weight of the PEI, implying 

preferential crystal growth along the (121) orientation in the 

presence of PEI. Compared with conventional SAPO-34, this 

result demonstrated that addition of PEI made the pore structure 

of SAPO-34 orientated. The thermal chemical and physical 45 

properties of PEI-SAPO-34 were measured by thermal 

gravimetric analysis (TGA) (Fig. S1, ESI†). The TGA result 

shows three weight losses in the range of 50–800 ℃. The first 

weight loss of ~5 % in the low temperature range of 50–100 ℃ is 

attributed to the desorption of CO2 and moisture from the sample. 50 

In the second (300-500 ℃)and the third stages (500-650 ℃), 

weight losses of ~6 % and ~7 % respectively occur due to the 

decomposition of triethylamine and PEI. At above 650 ℃, the 

PEI was completely decomposed and removed as volatiles, which 

agrees well with the literature.23 55 

 
Fig. 2 Nitrogen adsorption/desorption isotherms for PEI-SAPO-

34 prepared in the presence of PEI (Mw=70000). Inset is the BJH 

pore size distribution. 

 60 

Fig. 2 provides the nitrogen adsorption/desorption isotherm for 

as-synthesized PEI-SAPO-34 (Mw=70000). Compared to the 

conventional SAPO-34, the PEI-SAPO-34 shows a type-IV 

adsorption/desorption isotherm, which presents a distinct increase 

of adsorption quantity in the region 0.4<P/P0<0.9 owing to the 65 

capillary condensation in the mesopores. The inset of Fig. 2 

shows the BJH mesopore size distribution for PEI-SAPO-34. It 

can be seen that the PEI-SAPO-34 possessed narrow Barrett-

Joyner-Halenda (BJH) pore size distribution and its average pore 

size is centered between 2.0 and 3.0 nm. The BET specific 70 

surface area and mesopore volume of PEI-SAPO-34 were 

measured to be 560 m2 g-1 and 0.27 cm3 g-1, respectively. 

 

 

Fig. 3 TEM images of mesoporous PEI-SAPO-34 (Mw=70000): 75 

a) Low magnification; b) High magnification. Insert: fast Fourier 

transform (FFT) diffratogram of PEI-SAPO-34. 

 

The presence of intracrystal mesopores was also evidenced by 

TEM technique. Fig. 3 shows the TEM images of PEI-SAPO-34 80 

(Mw=70000). In the lower-magnified image (Fig. 3a), orientated 

uniform mesopores were found. Furthermore, the pores can be 

- 

- 

- 
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observed more clearly in the higher-magnified image (Fig. 3b), 

and the sample shows a regular array of uniform pore 

characteristics of SAPO-34 type channels in the range from 2.0 to 

3.0 nm, which is consistent with the result of BJH measurement.  

FFT pattern (Fig. 3b, insert) of the PEI-SAPO-34 sample shows 5 

spot pattern might be due to short range order of mesoporous 

phase, confirming that PEI-SAPO-34 is comprised of single 

crystals rather than random aggregations of nanocrystals. Based 

on the results of XRD, TEM and pore structure characterization, 

PEI-SAPO-34 with uniform mesopores has been successfully 10 

synthesized by self-assembly using protonated branched PEI 

template. 

 

Table 1 Pore structure properties of different as-synthesized 

samples.  15 

Sample 
SBET 

(m2 g-1) 

Vmeso 

(cm3 g-1) 

D 

(nm) 

Vmicro 

(cm3 g-1) 

PEI-SAPO-34 

(Mw=1800) 
410 0.11 1.7 0.112 

PEI-SAPO-34 

(Mw=10000) 
485 0.17 1.9 0.108 

PEI-SAPO-34 

(Mw=70000) 
560 0.27 2.2 0.117 

ZSM-5 

(Mw=70000) 
350 n.a. n.a. 0.103 

LTL 

(Mw=70000) 
320 n.a. n.a. 0.094 

SBET is BET specific surface area, Vmeso mesoporous pore volume, 

Vmicro microporous pore volume, and D is mesoporous pore size. 

 

Additionally, we investigated effect of the molecular weight and 

amount of the PEI added on the pore structures of PEI-SAPO-34. 

As shown in Table 1, the BET specific surface area, mesopore 

volume and mesopore size increased gradually from 410 to 560 20 

m2 g-1, 0.11 to 0.27 cm3 g-1 and 1.7 to 2.2 nm respectively with 

the molecular weight of PEI ranging from 1800 to 70000, while 

the micropore volume keeps almost constant (about 1.11 cm3 g-1) 

under same addition of triethylamine. The degree of branched 

polymerization becomes enhanced with the increase of PEI 25 

molecular weight, resulting in enlargement of the mesopore sizes, 

which was similar with the results reported by Wang et al.21 With 

the addition of the PEI increasing from 0.5 g to 2 g, both 

mesopore volume and mesoporous pore size also increased (Fig. 

S2 and Table S1, ESI†). So it can be deduced that the mesopore 30 

volume and mesoporous pore of synthesized SAPO-34 zeolite 

can be controlled through adjusting the molecular weight and the 

amount of the PEI. Moreover, the effect of the pH value of the 

precursor system on the formation of the mesoporous zeolite was 

also investigated. Efforts were made to prepare ZSM-5 and LTL 35 

by using PEI as the mesoporous directing agent. The pH values of 

the initial gel of ZSM-5 and LTL were 11.87 and 13.05 

respectively, which was consistent with previous reports.24,25 As 

shown in Table 1, there is no detectable mesoporous structure for 

ZSM-5 and LTL zeolites under same addition of PEI. These 40 

results demonstrated that when the pH value was higher than 11, 

polyethylenimine molecules are easily coiled into big aggregates, 

minimizing the interaction between PEI aggregates with zeolite 

precursor molecules and reducing chance of encapsulation of PEI 

aggregates in zeolite matrix. In contrast, as the pH value of the 45 

precursor for SAPO-34 synthesis was only 6.78, the PEI chains 

extended under acid conditions and SAPO-34 with uniform 

mesopores were formed along the interconnecting main linear 

chains of PEI. Hence, the technique using PEI as the mesopore 

directing agent should be general and promising for synthesis of 50 

those zeolites, which requires acidic or less basic conditions. The 

zeolites include silicoaluminophosphate, aluminophosphate- and 

heteroatom-containing aluminophosphate zeolites, such as 

SAPO-11, SAPO-43, APO-11, Co-APO-11, Mg-SAPO-46 and so 

on. The preparation of these zeolites is still in progress in this lab. 55 

In summary, we have demonstrated a novel synthesis process for 

hierarchical SAPO-34 zeolites with uniform mesopores using a 

cationic polymer (polyethylenimine) as the mesopore directing 

agent. The method provides much flexibility in the control of 

mesopore size and pore volume. Compared to current methods 60 

for mesoporous SAPO-34, this technique excels in offering an 

uniform mesoporous structure, a large mesoporous volume (0.27 

cm3 g-1) and a high BET specific surface area (560 m2 g-1), which 

would be beneficial for mass transport of reactants and catalytic 

reaction products, thereby inhibiting the catalyst from coking and 65 

deactivation. Taking all of these features into account, it is 

believable that this synthesis strategy for synthesizing 

aluminophosphate-based zeolites will be of great importance for 

industrial production in the future. In particular, mesoporous 

SAPO-34 is a promising commercial catalyst for MTO and MTP 70 

conversions. 
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