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Graphical Abstract 

 

Atmospheric pressure synthesis of nanosized ZSM-5 with 

enhanced catalytic performance for methanol to aromatics 

reaction 5 

Kui Shen, Ning Wang, Weizhong Qian,* Yu Cui and Fei Wei 

 

We develop an atmospheric pressure synthetic route for 

nanosized ZSM-5 with excellent catalytic performance for 

methanol to aromatics reaction by decoupling its nucleation and 10 
growth process. This facile route not only avoids the high 

hydrothermal pressures and its potential safety concerns, but also 

could control the crystallization process more flexibly, compared 

to the conventional hydrothermal route. 
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We report, for the first time, an atmospheric pressure 

synthetic route for nanosized ZSM-5 with 100% yield by 

decoupling its nucleation and growth process. Under unsealed 

condition, abundant crystal nuclei are first formed in liquid 

phase and then grow into nanosized ZSM-5 via an improved 10 

steam-assisted conversion method using superheated steam as 

the medium at atmospheric pressure. The obtained nanosized 

ZSM-5 possesses excellent texture properties, such as high 

crystallinity, high surface area, tunable Si/Al molar ratio, and 

uniform size and exhibits far longer lifetime as well as higher 15 

selectivity of total aromatics in the catalytic conversion of 

methanol to aromatics, compared with conventional ZSM-5. 

This facile route will lead to a very promising future for the 

large-scale preparation of zeolites with a safe and continuous 

process under atmospheric pressure. 20 

ZSM-5 zeolite, a crystalline aluminosilicate material with 

three-dimensional framework and uniform micropores,1-3 has 

been widely used as an excellent catalysts for energy chemical 

industry, due to its unique physicochemical properties, such as 

high specific surface area, tunable acidity, excellent shape 25 

selectivity, and high hydrothermal stability.4-10 However, the 

crystallization of ZSM-5 is traditionally conducted 

hydrothermally with water or other polar solutions as the solvent 

in a sealed vessel (hydrothermal synthesis reactor) under high 

autogenous pressure (typically among 8-20 atm),1, 11-16 which not 30 

only give rise to potential security problems and low efficiency, 

but also increase the difficulty in crystallization control in a 

solution, where Si or Al species tend to achieve an equilibrium 

and the nucleation and growth process is difficult to control. To 

overcome the disadvantages of the hydrothermal method, the use 35 

of a dry precursor allows the direct preparation of microporous 

crystals in the presence of saturated steam, which is called as 

steam-assisted conversion (SAC) method.10, 17-24 This method can 

separate the nucleation and growth process of zeolites, which is 

beneficial for the facile control of the crystal size.17, 20, 23 40 

However, the SAC route has similar disadvantages to the 

hydrothermal route in a sealed condition with high autogenous 

pressure. Therefore, it remains a great challenge to produce ZSM-

5 in a much safety and controllable manner at low cost for several 

ten years since the invention of ZSM-5. 45 

Recently, Cooper et al. report a new ionothermal approach 

for the synthesis of zeolite analogues,25 where ionic liquids act as 

both solvent and template in an open vessel. This novel method 

has attracted the interest of many researchers due to the 

advantages brought about by the simple operating conditions 50 

carried out at atmospheric pressure.26-33 However, the high cost of 

commonly used ionic liquids, the low yield of zeolites and the 

very limited solubility of silica precursor materials in the ionic 

liquids gravely limit the applications of this method to prepare 

aluminosilicate-based zeolites.34, 35 In addition, there is still 55 

increasing interest on preparing nanosized ZSM-5 considering the 

necessarity of improving the diffusion ability of crystals for 

catalytic applications.9-11 Apparently, it is highly desirable to 

develop an ambient pressure route for preparing nanosized ZSM-

5 with high yield in a much convenient, safe and cheap manner. 60 

Herein, we report an atmospheric pressure route to prepare 

nanosized ZSM-5 by decoupling its nucleation and growth 

process. Generally, abundant crystal nuclei are first formed in 

liquid phase and then grow into nanosized ZSM-5 via an 

improved steam-assisted conversion under atmospheric pressure. 65 

As a result, this facile route not only avoids the high 

hydrothermal pressures and its potential safety concerns during 

the entire preparation procedure of ZSM-5, but also could control 

the crystallization process more flexibly, compared to the 

hydrothermal route. Moreover, the resultant nanosized ZSM-5 70 

exhibits high crystallinity, tunable Si/Al molar ratio, high 

surface area, ultrafine uniform size and excellent catalytic 

performance in the methanol to aromatics reaction (MTA). 

Furthermore, the modified SAC method greatly increases the 

crystallization efficiency up to 100 % yield, as well as reducing 75 

waste water in large quantities. This facile route represents a great 

progress in synthesizing ZSM-5 and will be a stimulus to its 

catalytic applications. And the ideas of decoupling nucleation and 

growth process would be feasible to the synthesis of other 

zeolites under ambient pressure. 80 

  The preparation of nanosized ZSM-5 under atmospheric 

pressure is shown schematically in Figure 1a. Briefly, TPAOH 

and silica source (TEOS) are first mixed and hydrothermally 

treated at 90 oC in an opening round-bottom flask. The TEM 

images of the precursor gel (Figure 1b and 1c) indicate that a few 85 

ZSM-5 crystal nuclei with a particle size around 50 nm are 

produced in this nucleation process. However, the corresponding 

electron diffraction pattern reveals that the majority of the 

precursor gel possesses the characteristic of amorphous phase due 

to the mild crystallization conditions (ambient pressure and low 90 

temperature).36 Then the as-produced crystal nuclei, as well as the 

unreacted SiO2 in large amount (Figure 1b and 1c), are mixed 
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with NaAlO2 and NaOH to become a gel, which is further dried 

to be precursor powders. In the second step, the unreacted SiO2 

species in dry gel powders are further transformed into ZSM-5 

crystals, under the assistance of the already existed ZSM-5 nuclei, 

in fixed-bed reactor with superheated steam as the medium at 140 5 

oC under atmospheric pressure. It is well known that the synthesis 

of high Al-content nano-ZSM-5 often suffer from many serious 

problems including very low yield and a tendency for the crystals 

to agglomerate/intergrow into large particles.37-40 So, in this 

contribution, we prepare two nanosized ZSM-5 samples with 10 

Si/Al molar ratio of 60 (denoted as ZSM-5-AP60) and 15 

(denoted as ZSM-5-AP15), respectively, to certify the much more 

tunable Si/Al of our route than hydrothermal method.38-42 The 

detailed synthesis procedures are better described in the 

Supporting Information. For comparing the properties of the 15 

nanosized ZSM-5, conventional ZSM-5 (Si/Alth=60) is also 

synthesized according to the modified method reported by JC 

Groen et al, and its SEM images are shown in Figure S1.43 

 

Figure 1 (a) Schematic diagram of the atmospheric pressure 20 

synthetic procedures for the nanosized ZSM-5. (b) Low- 

magnification TEM image and (c) High-magnification TEM 

images of the precursor gel (The inset is its corresponding 

electron diffraction pattern). (d) monitored pressure curves of 

ZSM-5-AP15 and ZSM-5-AP60 as a function of crystallization 25 

time at 140 oC.  (e) XRD patterns of ZSM-5-AP15 and ZSM-5-

AP60 and conventional ZSM-5. 

 

We monitor the pressure changes of the fixed-bed reactor in 

the synthesis process of ZSM-5-AP15 and ZSM-5-AP60. The 30 

monitored pressure curves are given in Figure 1d, which directly 

indicate that the whole crystallization process is completed at 

ambient pressure since the pressure is always fluctuated at 

ambient pressure. The XRD patterns (Figure 1e) of both 

conventional and nanosized ZSM-5 prepared under crystallization 35 

temperature of 140 oC (see supporting information)  show five 

well-resolved peaks at 7.98°, 8.82°, 23.18°, 24.02° and 24.46, 

which are in good agreement with high crystalline MFI-structured 

ZSM-5 without any impurities or amorphous phase.8, 44 It is 

noteworthy that the XRD line widths of ZSM-5-AP15 and ZSM-40 

5-AP60 are much broader than those for conventional ZSM-5, 

which is due to their smaller crystal size as compared with 

conventional ZSM-5 according to the Scherrer equation. In 

addition, the UV-Raman spectra of all samples show a wide band 

at 380 cm-1 (Figure S2), which is associated with the framework 45 

symmetric stretching vibration of a five-membered building unit 

in ZSM-5.10, 45, 46 However, the sample  prepared by crystallizing 

directly in the ambient fixed-bed reactor, in the absence of gel 

seeds, exhibits the features of a major amorphous phase plus a 

MFI-structured ZSM-5 phase with low crystallinity (Figure S3 50 

and S4). The comparison indicates that the first nucleation step in 

Figure1a plays a dominant role in eliminating the maximal 

crystallization barrier, which is crucial to second full 

crystallization step in ambient pressure. 

   SEM and TEM images of ZSM-5-AP15 and ZSM-5-AP60 55 

are shown in Figures 2a-2f, which clearly show that both samples 

are composed of monodispersed ZSM-5 particles with uniform 

sizes of about 60 nm, which is comparable to the smallest one 

prepared by conventional hydrothermal method.37-40 The 

atmospheric pressure synthetic route includes an nucleation 60 

process before the improved stream-assisted crystallization, 

which is considered to produce abundant ZSM-5 nuclei (Figure 

1), leading to the formation of the small and uniform nanosized 

ZSM-5. Analysis with higher-magnification TEM images (Figure 

2e and 2f) reveals that all the particles are completely crystalline, 65 

as the parallel lattice fringes can be clearly observed and spread 

throughout the specimen. The corresponding selected area 

electron diffractions (Figure 2e inset and 2f inset) indicate that 

every individual particle is a ZSM-5 single crystal, exhibiting a 

single diffraction pattern.6, 8, 10 The absence of sponge-like 70 

material in the SEM and TEM pictures indicates the absence of 

amorphous material, in agreement with XRD characterization. 

Since no silica and aluminum source are washed away in the 

whole synthetic route, the yield of these nanosized ZSM-5 is 

nearly 100%, which is in stark contrast to the low yields of 75 

nanoparticles usually obtained from conventional hydrothermal 

route.37-40 The high yield of our route is probably due to the 

uneasy revisable migration of Al and Si species out of the 

framework, as compared to that in hydrothermal condition, where 

the Si and Al species tend to achieve equilibrium in a solution. 80 

Therefore, we, for the first time, validate that the crystallization 

of ZSM-5 is completely done at ambient pressure using our route, 

which is similar to the conventional SAC method operated at high 

pressure. In addition, we have prepared another nano-ZSM-5 

sample with an Si/Al of infinite (denoted as N-Silicalite-1, Figure 85 

S5) by atmospheric pressure synthesis route. It’s worth noting 

that the size and morphology of the final products is nearly 

independent of the Si/Al ratio of the ZSM-5 precursor, indicating 

the improved SAC step provides great flexibility to prepare 

uniform nanosized ZSM-5 with a broad Si/Al ratio and tunable 90 

acidity.  

The nitrogen adsorption/desorption isotherms and BJH pore 

size distribution demonstrate the substantial mesoporous network 

of the both nanosized ZSM-5. As shown in Figure 3a, the 

nitrogen adsorption isotherms of ZSM-5-AP15 and ZSM-5-AP60 95 

show a typical type-I curve plus type-IV curve with a sharp 

uptake and an obvious hysteresis loop at the high relative 

pressure range of 0.8 to1, which is indicative of its remarkable 

micro-/mesoporous structure.47, 48 Unlike the nanosized ZSM-5, 
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the conventional ZSM-5 shows a typical type-I isotherm 

corresponding to the solely microporous structure.  According to 

Figure 2 SEM images of (a) ZSM-5-AP15 and (b) ZSM-5-AP60. 

TEM images of (c) ZSM-5-AP15, and (d) ZSM-5-AP60 and HR-

TEM images of (e) ZSM-5-AP15 and (f) ZSM-5-AP60 taken 5 

from the square frame in (c) and (d), respectively. (The inset is its 

corresponding electron diffraction pattern).  

 

pore size analysis by the BJH method using the adsorption 

isotherm, the mesopore diameters in both nanosized ZSM-5 have 10 

a broad distribution centered on 25 nm, which belongs to the 

stacking intercrystalline mesopores of nanosized ZSM-5. 

Correspondingly, the nanosized ZSM-5 have a much higher BET 

area and a larger total pore volume (above 400 m2 g-1 and 0.61 

cm3 g-1) compared to those of conventional ZSM-5 (357 m2 g-1 15 

and 0.17 cm3 g-1) (Table S1). It is well known that the framework 

Al of ZSM-5 may function either as active sites or as anchoring 

points for catalytic sites. Thus, we perform 27Al MAS NMR 

spectroscopy to acquire the coordination environment of 

aluminum atoms in ZSM-5-AP15 and ZSM-5-AP60. As shown in 20 

Figure 3b, 27Al MAS-NMR spectra of the three samples show 

one sharp aluminum peak at 52 ppm, which can be assigned to 

aluminum species with tetrahedral coordination environment.  

Furthermore, no signal at 0 ppm is detected, indicating that the Al 

atoms are entirely incorporated into the crystalline frameworks of 25 

the nanosized ZSM-5.49 

The crystallization curves (Figure 3c) derived from XRD 

patterns (Figure S6) indicate that the amorphous phase could 

completely convert to high crystallized nanosized ZSM-5 just 

within 12 h because of the present of ZSM-5 nuclei formed in the 30 

first step (Figure 1b and 1c), which eliminates the most time-

consuming nucleation process.  It is also worth noting that the Al 

content of the ZSM-5 precursor could not affect crystallization 

rate, which is different from the general pattern when using 

hydrothermal methods.40 It is well known that TPAOH is the 35 

most common SDAs for ZSM-5 synthesis.8, 14-16, 23, 24 When being 

used, such a non-volatile SDA can be involved in a dry gel.23, 24 

TG analysis of the dry precursor suggests that the TPAOH in dry 

gel precursor could be decomposed at above 150 oC (Figure S7). 

It  allows  us  to  understand  the  effect  of  the  crystallization  40 

Figure 3 (a) Nitrogen adsorption/desorption isotherms and BJH 

pore size distribution based on the adsorption isotherm (inset) for 

nanosized ZSM-5 and conventional ZSM-5. (b) 27Al-NMR 

spectra of nanosized ZSM-5 and conventional ZSM-5. (c) 

Crystallization curves of ZSM-5-AP15 and ZSM-5-AP60 via dry-45 

gel conversion at 140 oC. (d) XRD patterns of the products 

prepared by atmospheric pressure synthetic route at different 

crystallization temperature. 

 

temperature on the crystallization process. As shown in Figure 3d, 50 

the sample prepared at 140 oC shows the highest crystallinity 

among all samples. Apparent, lower crystallization temperature 

could not drive the condensation reactions between soluble 

silicate and aluminate ions, restraining the growth process of the 

ZSM-5 crystals.50, 51 On the other hand, higher crystallization 55 

temperature will not only lead to the decomposition of the 

template, but also rapidly decreases the relative humidity of 

steam in the reactor, which strongly influence the crystallinity of 

the final product.21  

 60 

Figure 4 (a) Methanol conversions and total aromatics selectivity 

over Zn/ZSM-5-AP60 and conventional Zn/ZSM-5 as a function 

of time-on-stream (reaction temperature: 475 oC, WHSV: 0.75 h-1, 

The solid and open curves are the methanol conversions and total 

aromatics selectivity, respectively), (b) product selectivity of 65 

MTA reactions over Zn/ZSM-5-AP60 and conventional Zn/ZSM-

5  after the reactions being stable (the date are obtained for the 

ZSM-5-AP60 and the conventional ZSM-5 at 3.1h and 1.2h time 

on stream, respectively). 

 70 

The actual Si/AlICP molar ratios of ZSM-5-AP15 and ZSM-

5-AP60 are 16.2 and 67.9, respectively (Table S1). Both the NH3-

TPD profiles (Figure S8) and pyridine-adsorbed FTIR spectra 

(Figure S9) show that the strength and types of acid sites for 
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ZSM-5-AP60 and conventional ZSM-5 (Si/AlICP=77, Table S1) 

are almost identical. However, the ZSM-5-AP15 show much 

more concentrated acid site than ZSM-5-AP60 and conventional 

ZSM-5 due to its high framework Al content. In order to 

investigate the catalytic activity of meso-/macroporous structure, 5 

the MTA reaction are carried out over Zn/ZSM-5-AP60 and 

conventional Zn/ZSM-5 using a stainless steel fixed bed. As 

shown in Figure 4a, the Zn/ZSM-5-AP60 exhibits a high 

methanol conversion (above 96%) with a total aromatics 

selectivity of above 62% during the incipient 42 h time on stream. 10 

For comparison, the initial methanol conversion of conventional 

Zn/ZSM-5 can also reach 98% but shows the rapid decline just 

within 3.6 h testing time at such a strict reaction condition. 

Furthermore, the total aromatic selectivity for the conventional 

Zn/ZSM-5 is much lower (below 54%) than that for Zn/ZSM-5-15 

AP60. Considering the similarities of ZSM-5-AP60 and 

conventional ZSM-5 in terms of Si/AlICP molar ratio, acidity and 

micropore volume (Table S1, Figure S8 and S9), the superior 

catalytic performance over Zn/ZSM-5-AP60 compared to that 

over conventional Zn/ZSM-5 could be directly attributed to the 20 

small size of the nanosized ZSM-5, which favours the diffusion 

of reactants/products and thus prevent the deposition of coking 

precursor. As we all known, the relatively small pore size of 

conventional ZSM-5 often results in unacceptably slow diffusion 

of methanol and aromatics from the active sites located inside the 25 

zeolite crystals, leading to the lower aromatics selectivity and 

shorter lifetime in MTA process, when compared with nanosized 

ZSM-5. Actually, TG profiles (Figure S10) clearly show the coke 

formation rate over Zn/ ZSM-5-AP60 is about 4.41 mg gcat
−1h−1, 

which is much lower than that over conventional Zn/ZSM-5 30 

(26.33 mg gcat
−1 h−1). In addition, detailed product selectivities 

after the reactions being stable are also given in Figure 4b. The 

Zn/ZSM-5-AP60 show lower overall olefin selectivity than 

conventional Zn/ZSM-5, possibly caused by its enhanced 

hydrogen transfer capability to produce more aromatics.52 These 35 

reaction results show that the highly mesoporous nanosized ZSM-

5 obtained by atmospheric pressure synthetic route is expected to 

be an excellent catalyst for MTA reactions and other bulky-

molecule involved reactions of industrial importance. 

In summary, we have developed a facile route to prepare na-40 

nosized ZSM-5 under atmospheric pressure by decoupling its 

nuclea-tion and growth process. The first step of forming a few 

ZSM-5 crystal nuclei in liquid phase and the second step to grow 

nanosized ZSM-5 from precursor under superheated steam are 

both carried out under ambient pressure. We evidenced that the 45 

formation of some ZSM-5 nuclei in the first step eliminates the 

maximal crystallization barrier and is essential for the 

downstream crystallization. This facile route not only avoids the 

high hydrothermal pressures and its potential safety concerns, but 

also could control the crystallization process more flexibly. 50 

Moreover, the resultant nanosized ZSM-5 possesses excellent 

texture properties and catalytic performance for the methanol to 

aromatics (MTA) reaction, compared with conventional ZSM-5. 

Taking all of these features into account, it is believable that this 

facile route will lead to a very promising future for the large-scale 55 

preparation of zeolite-based catalysts with a safe and continuous 

process under atmospheric pressure condition. 
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