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Abstract: H-ZSM-5 zeolites are successfully synthesized within 1 h with organic-

template-free system by the seed-assisted method. The synthetic method not only 

reduces the production cost of H-ZSM-5 zeolite, but also prevents the pollution of 

environment compared with the conventional synthesis process. Characterization by 

SEM, XRD, N2 adsorption-desorption, NH3-TPD and Py-IR confirms that the product 

of H-ZSM-5 with a high crystallinity and reveals that the rapid synthesis process in 

accordance with seed surface crystallization mechanism. In order to improve the 

aromatic selectivity on H-ZSM-5 zeolite, different concentrations of Mo and Zn 

catalysts were prepared by incipient wetness impregnation and ion-exchange method. 

Mo-Zn/H-ZSM-5-SAS-1 h have similar catalytic lifetime and higher selectivity of 

paraxylene in aromatics products compared with Mo-Zn/H-ZSM-5-seed in the reaction 

of methanol to aromatic. However, the catalytic lifetime of 6%Mo/H-ZSM-5-SAS-1 h 

is shorter than that of 6%Mo/H-ZSM-5-seed catalyst in methane to benzene reaction 

under same reaction conditions.1

Keywords: Rapid synthesis, H-ZSM-5, Organic template-free, Seed-assisted, 

Aromatization 

Scheme. 1 Schematic diagram of synthesis process.
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1. Introduction

Aromatic hydrocarbons are important chemical intermediates in fine chemical 

industry, which have huge industrial demand.1 In recent decades, the methanol to 

aromatics (MTA) and methane to benzene (MTB) reaction over solid acid catalysts 

have attracted the attention of scientists and industrial organizations, because methanol 

is provided by different resources, such as natural gas, coal, biomass and any other 

carbon-based gasifiable raw materials as well as methane is provided by shale gas.2-4 

H-ZSM-5 zeolite is widely applied to some solid acid catalytic processes, such as MTB 

reaction and MTA reaction, due to its adjustable acidity, thermal stability and a special 

porous structure of 5.3 × 5.6 Å and 5.1 × 5.5 Å.5-8 Recently, Wei et al.9 reported that 

the coupling conversion of n-hexane with CO was carried out on H-ZSM-5 catalyst. 

The selectivity of aromatics was significantly improved by adjusting the H/C balance 

of the reactants. In addition, the laboratory was also developing MTA technology with 

H-ZSM-5 zeolite as catalyst. Yang et al.10 reported that the yield of aromatics was 

increased from 4.4% to 55.3% in MTA reaction when 0.8 Zn/H-ZSM-5 (SiO2/Al2O3 = 

59) zeolite was modified by alkali. Sazama et al.11 used IR and solid-state NMR 

characterization techniques to confirm a correlation between skeletal defects and 

catalyst lifetime of H-ZSM-5. 

A large number of organic structure directing agents (SDAs) were used in the 

synthesis of H-ZSM-5 zeolite by traditional method and it is expensive to use SDAs to 

produce zeolite. Additionally, their removal requires high temperature calcination, 

which leads to the H-ZSM-5 individual particles aggregation and create volatile gases 

that are inconsistent with environmental views.12 Therefore, the synthesis of H-ZSM-5 

with free organic-template system has attracted widely attention of some scholars.13 

However, the long crystallization time (several days or even a week) due to slow 

kinetics of zeolite formation14 and low yield with SDAs-free system under 

hydrothermal conditions are big obstacles for large-scale production.15 In other words, 

it is still a challenge to synthesize zeolite with high yields and high crystallinity for 

rapid crystallization in free SDAs system.16 Ren et al.17 reported that the synthesis time 
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of zeolite was greatly shorten by microwave synthesis method, but it is difficult to meet 

the demand of industrial production due to the design and operation of the microwave 

reactor. Recently, a seed-assisted method was introduced to the rapid zeolite synthesis. 

The nano-sized zeolite SAPO-34 have been successfully synthesized using seed-

assisted method in the minute-level time which has outstanding catalytic performance 

in MTO reaction.18 Han et al.19 reported that a fast and low-cost approach for the 

synthesis of sub-micron ZSM-5 from leached illite clay using the seed-assisted method. 

The seed plays a crucial role, and it not only promotes the growth crystal rate but also 

ensures the formation of pure zeolite crystal in the process of synthesis. Adding 

appropriate seed crystals can overcome the disadvantages of long crystallization time, 

low yield and low crystallinity in the organic-free template system.20 The seed-assisted 

synthesis method may bring new possibilities to the fast and facile preparation of zeolite 

with excellent catalytic properties.21 

In this paper, the authors developed a seed-assisted synthesis method without 

organic template system to achieve rapid synthesis of submicron H-ZSM-5 zeolite in 

hour-level time. The shape selectivity of H-ZSM-5-SAS-1 h catalyst was evaluated by 

MTA reaction or MTB reaction, and the relationship between H-ZSM-5-SAS-1 h 

structure and catalytic properties was discussed compared with H-ZSM-5-seed 

catalysts. Meanwhile, the H-ZSM-5-SAS-1 h catalysts modified with molybdenum and 

zinc also showed excellent catalytic performance and high selectivity of xylenes in the 

methanol to aromatics reaction.

2. Experimental Section

2.1 Materials

The experiment reagents including aluminum nitrate, ammonium nitrate, zinc 

nitrate, ammonium molybdate, sodium hydroxide, tetraethyl orthosilicate (TEOS) and 

methanol were analytical grade (purchased from ChengDu KeLong Chemical Industry 

Company of China) and were used without further purification. The 25% 

tetrapropylammonium hydroxide (TPAOH) was purchased from ZheJiang Maya 

Reagent Chemical Industry Company of China. Distilled water was used in all 
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experiments.

2.2 Catalyst preparation

The H-ZSM-5-seed was synthesized according to reference.22 The H-ZSM-5 was 

synthesized by using TEOS as a silicon source and aluminum nitrate as an aluminum 

source, respectively. First, the precursor solution including 6.25 g of TEOS, 0.23 g of 

aluminum nitrate, 0.12 g of sodium hydroxide, and 22 g of distilled water was prepared. 

Then, the 0.05 g/g (5 wt%) of H-ZSM-5-seed was added in the precursor solution to 

preparing mother gel, which was crystallized at 180℃ for 0.5 to 2 h. The obtained 

samples were washed, dried, calcined and ion exchange with NH4NO3 solutions. The 

H-type ZSM-5 samples were obtained and labeled as H-ZSM-5-SAS-x h, where x is 

the crystallization time. The yield of H-ZSM-5-SAS-0.5 h, H-ZSM-5-SAS-1 h and H-

ZSM-5-SAS-2 h were 54%, 93% and 92%, respectively.

The Zn-containing catalysts (Zn wt% = 5%) were prepared by ion-exchange and 

denoted as Zn/H-ZSM-5-SAS-1 h and Zn/H-ZSM-5-seed, respectively. In order to 

obtain final catalysts with a Mo loading of 0.01 g/g, the desired amount of ammonium 

molybdate precursor was mixed with Zn/H-ZSM-5-SAS-1 h or Zn/H-ZSM-5-seed by 

incipient wetness impregnation and denoted as Mo-Zn/H-ZSM-5-SAS-1 h and Mo-

Zn/H-ZSM-5-seed catalysts, respectively. The Mo-containing catalysts were prepared 

by incipient wetness impregnation and denoted as x% Mo/H-ZSM-5-SAS-1 h and x% 

Mo/H-ZSM-5-seed, where x is the weight percentages of Mo content.

2.3 Catalyst characterization

The equipment type and test conditions of SEM, XRD, NH3-TPD, N2 adsorption-

desorption are consistent with reference.22 The solid state 27Al MAS NMR was 

detected on AVANCEⅢHD600. The Py-IR analysis was carried out by FT-IR frontier 

system (US PE Co., Ltd.) and the contents of B and L acid were evaluated by reference 

to the literature.23 The component of catalysts was measured by inductively coupled 

plasma atomic emission spectroscopy (ICP-AES, Autoscan16, TJA). 
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2.4 Catalysis reaction and products analysis

The MTB reaction was carried out in a continuous-flow fixed bed reactor. The 

quartz reactor with 650 mm long and 8 mm inner diameter. Prior to the experiment, the 

catalyst was pretreated in a nitrogen stream (20 mL/min) at 700℃ for 30 min, and then 

20 mL/min CH4 as the reagent and 5 mL/min N2 is input into the 0.4 g catalyst bed. In 

order to prevent product condensation, the gas sampling valves and reactor outlet 

pipeline were kept at 180℃. The reaction products were analysed on an online gas 

chromatograph (Ruimin GC-2060) with a FID using a OV-101 capillary column (50 m 

× 0.25 mm × 33 μm) to detect CH4 and aromatics and TCD using a HayeSep D packed 

column (6 m × 3 mm) to detect H2, N2, CO, CH4, CO2, C2H4 and C2H6.24 The CH4 

conversion and products yield are calculated on a carbon number basis using N2 0.20 

L/L (20 vol%) as the internal standard.25 The MTA reaction process and the product 

analysis methods were similar to the reference.22,26 

3. Results and Discussion

3.1 XRD and 27Al MAS NMR Analysis

Fig. 1 presents the XRD patterns of H-ZSM-5-seed and H-ZSM-5 at different 

crystallization times, which shows that the crystals are MFI topology and no other peaks 

could be observed, indicating a high purity of the products. The diffraction peaks of the 

MFI topology were observed after 30 min hydrothermal synthesis and the crystallinity 

of the sample gradually increased with the crystallization time prolonged. The 

diffraction peak of the sample was very sharp after 1 h hydrothermal synthesis, and the 

intensity of the diffraction peak did not change significantly with the further increase 

of the hydrothermal synthesis time (2 h), indicating that the crystallinity of the sample 

was completed. Compared to traditional hydrothermal synthesis using crystallization 

time of more than 24 h, H-ZSM-5 seeds promoted the crystallization of H-ZSM-5 in a 

shorter period of time (1-2 h).27 XRD patterns indicated that H-ZSM-5-seed played 

important role for faster crystallization rate in the system and the formation of pure H-

ZSM-5 material in the system.
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Fig. 1 XRD patterns of all samples

The active sites were determined by the spatial distribution of Al atoms with the 

available tetrahedral sites (T-sites) in the zeolite lattice.28 Therefore, the chemical 

environment of the framework Al in H-ZSM-5-seed and H-ZSM-5-SAS-1 h samples 

was detected by 27Al MAS NMR and the result is shown in the Fig. 2. There are a main 

resonance peak at ~55.5 ppm and a minor resonance at ~0 ppm in zeolite with low 

SiO2/Al2O3 ratio (SiO2/Al2O3≤107).29 In the experiment, a sharp high peak at 52.600 

ppm and a very small peak at -2.472 ppm were measured on H-ZSM-5-seed and H-

ZSM-5-SAS-1 h, which were in line with the peaking characteristics of H-ZSM-5. The 

majority of the tetrahedrally coordinated Al within the framework structure, while only 

a small portion of the latter is associated with the octahedrally coordinated Al.

Fig. 2 1D 27Al MAS NMR spectrum of H-ZSM-5-SAS-1 h and H-ZSM-5-seed samples

3.2 SEM Analysis

The surface morphology of H-ZSM-5-seed and H-ZSM-5-SAS-1 h was studied by 

SEM analysis (Fig. 3). It shows that after crystallized for only 1 h, the H-ZSM-5-SAS-1 
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h exhibits irregular hexagonal morphologies with smooth external surface, which is 

similar to that of H-ZSM-5-seed. The particle size distribution of H-ZSM-5 zeolite was 

obtained by Nano measurer analysis software (Fig. 3). The H-ZSM-5-SAS-1 h has a 

very large particle size ranging from 200 nm to 650 nm, while H-ZSM-5-seed only 

from 80 nm to 240 nm. The zeolite crystal growth rate of H-ZSM-5-SAS-1 h was 

calculated as 225 nm/h, which is very high compared with the literature about 100 

nm/h.6,30 According to the characterization results of SEM, we speculate that the fast 

synthesis of H-ZSM-5 with submicron-sized is based on the seed surface crystallization 

(SSC) mechanism.

Fig. 3 The SEM images and particle size distribution of (a) H-ZSM-5-seed and (b)H-ZSM-5-SAS-

1 h

3.2 N2 adsorption-desorption Analysis

Table 1 The textural properties of H-ZSM-5-seed and H-ZSM-5-SAS-1 h zeolite

Surface area

(m2.g-1)

Pore volume

(cm3.g-1)Samples

SBET
a SMeso

b SMicro
c VTotal

d VMeso
e VMicro

f

Si/Alg Si/Alh

H-ZSM-5-seed 407 27 380 0.44 0.26 0.18 38 34

H-ZSM-5-SAS-1 h 404 52 355 0.46 0.30 0.16 40 52

a BET surface area, b SMeso = SBET - SMicro, c t-plot micropore surface area, d Pore volume at p/p0 = 

0.99, e VMeso = VTotal -VMicro, f t-plot micropore volume, g ICP analysis and h EDS analysis
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The N2 adsorption-desorption isotherms and textural properties of all samples are 

shown in Fig. 4 and Table 1, respectively. BET surface area and micro-pore volume of 

H-ZSM-5-SAS-1 h are 404 m2/g and 0.16 cm3/g, which were closed to those of H-

ZSM-5-seed.31 However, the mesopores surface area of H-ZSM-5-SAS-1 h was larger 

than that of H-ZSM-5-seed. Compared with the H-ZSM-5-seed sample, H-ZSM-5-

SAS-1 h was a typical type IV isotherms with an upward turn hysteresis loop at relative 

pressure higher than P/P0 = 0.4, it shows that there were more mesopores in H-ZSM-

5-SAS-1 h samples.5 This is more conducive to the combination of the molybdenum or 

zinc species with acidic sites of zeolite to form more efficient composite catalysts. In 

addition, the mesoporous structure of catalyst provides a more convenient route for 

reactants molecules enter into active sites of catalyst and macromolecular intermediates 

can be diffused more easily.32 Therefore, the yield of target product and the stability of 

catalyst are improved. In the process of seed-induced rapid synthesis, the precursor 

solution of Si can quickly penetrate around each zeolite seed, and effectively adsorb on 

the zeolite seed particles. Then more secondary nuclei on the surface of zeolite seed 

were formed by hydrolyze the precursor of Si. Therefore, the nucleation process of a 

single SiO2 molecule was replaced, resulting in more mesopore were formed in H-

ZSM-5-SAS-1 h sample.30 

Fig. 4 N2 adsorption-desorption isotherms of H-ZSM-5-seed and H-ZSM-5-SAS-1 h

3.3 The acidity Analysis
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Fig. 5 (a) NH3-TPD profiles and (b) Py-IR spectra of H-ZSM-5-seed and H-ZSM-5-SAS-1 h 

The acid properties of H-ZSM-5 was determined by NH3-TPD (Fig. 5a) and Py-

IR (Fig. 5b). As illustrated in Fig. 5a, the spectra of the H-ZSM-5-SAS-1 h displays 

two distinct desorption peaks. A low temperature (about 160℃) peak is assigned to 

weak acid sites, and high temperature (about 350℃) peak is assigned to strong acid 

sites.33 In addition, the H-ZSM-5-SAS-1 h shows similarly temperature and peak areas 

relative to that of H-ZSM-5-seed, which indicates the similar strength and number of 

total acid sites in these two samples.11 Fig. 5b represents the comparison of H-ZSM-5-

SAS-1 h and H-ZSM-5-seed to the Lewis and Brönsted acidity. Bands at around 1452 

and 1544 cm-1 are assigned to L and B acid, respectively.34 According to Py-IR spectra, 

we calculated that the concentration of L and B acid sites at 150℃ for H-ZSM-5-SAS-

1 h were 0.037 and 0.024 mmol/g, which were similar to those of H-ZSM-5-seed (0.038 

and 0.021 mmol/g). The total Si-Al ratio of samples and partial Si-Al ratio on the 

surface of samples was tested by the ICP and EDS as well as the results is shown in the 

Table 1. There is almost the same total Si-Al ratio of H-ZSM-5-SAS-1 h and H-ZSM-

5-seed sample.

3.5 Conversion and product distributions of MTA and MTB

The yield of light aromatics over pure HZSM-5 zeolite catalyst is not meet the 

demand of industry. Therefore, in order to improve the yield of light aromatics, Mo and 

Zn were incorporated into H-ZSM-5-SAS-1 h zeolite by impregnation and ion 

exchange methods, respectively. Fig. 6b shows the performance of Mo-Zn/H-ZSM-5-

SAS-1 h catalyst in MTA reaction under 450℃ and 0.1 MPa (0.02 MPa methanol), total 
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flow rate 25 mL/min and 0.5 g catalyst. The yield of light aromatics (BTX) reached 

68.5 % at TOS = 3 h and the yield of light aromatics (BTX) remains at 45.74% when 

the TOS = 98 h. The Mo-Zn/H-ZSM-5-SAS-1 h catalysts provide similar product 

distribution and lifetime to the Mo-Zn/H-ZSM-5-seed catalyst (Fig. 6a). The yield of 

BTX was decreased with the increase of reaction time. At the same time, the yield of 

C1-2, C3, C4 and C5+ increases slowly with increasing reaction time. As we all know, 

paraxylene (PX) is recognized as the significant valuable aromatic hydrocarbons, since 

it is an important raw material for producing terephthalic acid. However, outer surface 

acidity of H-ZSM-5 zeolite significantly influences the selectivity of PX in the MTA 

catalytic reaction. With the increasing of surface Si/Al molar ratio (Table 1), surface 

acidity of H-ZSM-5-SAS-1 h catalyst is decreased and the isomerization of PX to o-

xylene and m-xylene is effectively depressed,35 resulting in the selectivity of PX in 

aromatics products were increased from 67.8% to 72.3% as well as barely changed of 

total aromatics selectivity over Mo-Zn/H-ZSM-5-SAS-1 h catalyst (Fig. 7).

Fig. 6 Time-dependent yield of products over (a) Mo-Zn/H-ZSM-5-seed and (b) Mo-Zn/H-ZSM-

5-SAS-1 h catalyst
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Fig. 7 The selectivity of xylene isomers with TOS = 3 h

In order to improve the benzene yield, Mo was incorporated in H-ZSM-5 zeolites 

by impregnation method.36 With increase of Mo content, the catalytic activity of Mo/H-

ZSM-5-SAS-1 h and Mo/H-ZSM-5-seed gradually increase and a maximum 

conversion of CH4 and yield of benzene was achieved on the 6% Mo catalyst (Table 2). 

The B acid sites of H-ZSM-5-seed or H-ZSM-5-SAS-1 h are insufficient for the MTB 

reaction when weight content of Mo is greater than 6% in Mo/H-ZSM-5.37 The 

maximum conversion of CH4, around 11%, which is good agreement with the values 

given in the literature.38,39 Fig. 8 shows the performance of 6%Mo/H-ZSM-5-SAS-1 h 

and 6%Mo/H-ZSM-5-seed catalyst in the MTB reaction under 700℃ and 0.1 MPa, total 

flow rate is 25 mL/min and 0.4 g catalysts. All curves of CH4 conversion shows an 

induction period,40,41 it is due to the active sites (Mo2C and MoOxCy) were formed at 

the beginning of the reaction, which is important for the aromatization activity of the 

catalyst.40 The conversion of CH4 reached a maximum value at 6 min, but then declines 

gradually with time on stream. The yield of benzene reached a maximum value at 21 

min, but then declines gradually with time on stream. However, the conversion of 

methane and the yield of benzene over 6%Mo/H-ZSM-5-SAS-1 h catalyst with time on 

stream drops more rapidly than that of 6%Mo/H-ZSM-5-seed catalyst, which may be 

closely related to its small (nanoscale) catalyst particles. These results suggest 

that the 6%Mo/H-ZSM-5-seed exhibits a much slower deactivation rate than 6%Mo/H-

ZSM-5-SAS-1 h.

Fig. 8 Time-dependent conversion of CH4 (a) and selectivity of C6H6 (b)
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Table 2 Comparison of Mo/H-ZSM-5-seed and Mo/H-ZSM-5-SAS-1 h for methane aromatization

Selectivity (%)
Sample

Conversion of 
CH4 (%) C6H6 C7H8 C10H8 coke

2%Mo/H-ZSM-5-SAS-1 h 6.9 30.9 2.1 14.2 52.8

4%Mo/H-ZSM-5-SAS-1 h 9.0 42.6 3.6 16.7 37.1
6%Mo/H-ZSM-5-SAS-1 h 11.0 48.1 4.5 19.9 27.5
8%Mo/H-ZSM-5-SAS-1 h 10.4 44.3 4.0 17.3 34.4

2%Mo/H-ZSM-5-seed 6.2 27.2 1.9 13.6 57.3
4%Mo/H-ZSM-5-seed 8.7 41.7 3.0 15.8 39.5
6%Mo/H-ZSM-5-seed 10.8 47.8 3.8 17.2 31.8
8%Mo/H-ZSM-5-seed 9.3 43.1 3.4 16.5 37.0

Reaction conditions: 0.1 MPa, 700℃, total flow rate = 25 mL·min-1, 0.4 g catalyst.

3.6 Discussions

A possible pathway related to the growth of the MFI-type zeolite crystal was 

proposed based on above characterization analysis. The fast synthesis of H-ZSM-5 with 

submicron-sized is based on the seed surface crystallization (SSC) mechanism (Fig. 9). 

From the fast synthesis of submicron-sized H-ZSM-5 which was crystallized by the 

SSC mechanism and no template agent was added in the crystallization process. 

Therefore, no new nucleus was formed, the whole crystallization process was 

performed exclusively on the H-ZSM-5-seed surface, where H-ZSM-5-seed functions 

as the nuclei.17 First, some small particles were accumulated on around of seed 

nanocrystals. Then, more and more small particles were generated with increasing 

crystallization time and they begin to aggregate into larger particles and deposit on the 

surface of the seed crystals. Finally, perfect H-ZSM-5 crystal was obtained when the 

crystallization time is 1.0 h.17 The catalytic properties depend on some key factors. 

Namely, the morphology characterization, acidic properties, and channel structure as 

discussed above, cannot be used to analyze the influence of catalyst on the reaction 

through just one of the factors. On one hand, the H-ZSM-5-SAS-1 h catalyst should 

have more higher stability than the catalyst H-ZSM-5-seed,22,42 mainly because it has 

more mesopores, which provide an additional diffusion channels for reactants or 

products molecules on the catalyzed substance.11 On the other hand, the average crystal 
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size of the H-ZSM-5-seed is much smaller than that of H-ZSM-5-SAS-1 h, indicating 

that the diffusion path of reactants or products molecules on the H-ZSM-5-seed is 

shorte.22,43 Therefore, it is suggested that the combination effect of the mesopores 

structure and particle size of the Mo-Zn/H-ZSM-5-SAS-1 h is responsible for its similar 

catalytic performance and lifetime to the Mo-Zn/H-ZSM-5-seed exhibited in the MTA 

reaction. Additionally, the 6%Mo/H-ZSM-5-SAS-1 h showed a shorter lifetime than 

that of 6%Mo/H-ZSM-5-seed in the MTB reaction.44 The actual location and nature of 

the Mo species depend on the density of the B acid sites.37 H-ZSM-5-seed and H-ZSM-

5-SAS-1 h have a similar density of B acid sites. As a result, the effect of Mo species 

location and nature become negligible for the stability of Mo/H-ZSM-5.45 Therefore, 

the particle size of catalyst has larger influence on deactivation rate in the MTB reaction 

than that of MTA reaction.

Fig. 9 Schematically illustration of the crystallization process of SSC approach.

4. Conclusions

In summary, a fast seed-induced hydrothermal synthesis process without structure-

director was proposed for the low-cost and environmentally friendly production of H-

ZSM-5 zeolite with high crystalline degrees. In addition, the surface area and acidity of 

H-ZSM-5-SAS-1 h were similar with those of typical H-ZSM-5-seed. Nevertheless, H-

ZSM-5-SAS-1 h exhibits more mesopores and larger sizes, with an average diameter 

was 375 nm, than that of H-ZSM-5-seed. More importantly, the H-ZSM-5-SAS-1 h 

sample performs a similar deactivation rate and higher selectivity of PX in aromatics 

products that of H-ZSM-5-seed in MTA reaction, which makes it potentially available 

for production of aromatics from methanol. However, the deactivation rate of H-ZSM-
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5-SAS-1 h sample was higher than that of H-ZSM-5-seed in the MTB reaction. Based 

on the characterization of samples and the deactivation behavior, the particle size has 

larger influence on deactivation rate of catalyst in the MTB reaction than that of MTA 

reaction.

Acknowledgements

This work was financially supported by the Youth Science and Technology 

Foundation of Gansu Province (20JR10RA107) and the Youth Teacher Research Group 

Foundation of Northwest Normal University (NWNU-LKQN-18-21).

References

(1) Bahram Ghanbari.; Fatemeh Kazemi Zangeneh. Highly efficient production of benzene-free 
aromatics from methanol over low-Si/Al-ratio alkali-modified Fe/Zn/HZSM-5. ACS Omega. 2018, 
3, 18821-18835. doi: 10.1021/acsomega.8b01380 
(2) Gao, Y.; Wu, G. Modified seeding method for preparing hierarchical nanocrystalline ZSM-5 
catalysts for methanol aromatisation. Microporous and Mesoporous Mater. 2016, 226, 251-259. 
doi:10.1016/j.micromeso.2015.11.066
(3) Yang, C.; Qiu, M.; Hu, S. Stable and efficient aromatic yield from methanol over alkali treated 
hierarchical Zn-containing HZSM-5 zeolites. Microporous and Mesoporous Mater. 2016, 231, 110-
116. doi:10.1016/j.micromeso.2016.05.021
(4) Ilias, S.; Bhan, A. Mechanism of the catalytic conversion of methanol to hydrocarbons. ACS 
Catalysis. 2013, 3, 18-31. doi:10.1021/cs3006583
(5) Mamonov NA.; Fadeeva EV.; Grigoriev DA.; Mikhailov MN.; Kustov LM.; Alkhimov SA. 
Metal/zeolite catalysts of methane dehydroaromatization. Russian Chemical Reviews. 2013, 82 (6), 
567-585. doi:10.1070/RC2013v082n06ABEH004346
(6) Majhi S.; Dalai AK.; Pant KK. Methanol assisted methane conversion for higher hydrocarbon 
over bifunctional Zn-modified Mo/HZSM-5 catalyst. Journal of Molecular Catalysis A: Chemical. 
2015, 398, 368-375. doi:10.1016/j.molcata.2014.12.019
(7) Hoang TQ.; Zhu X.; Danuthai T.; Lobban LL.; Resasco DE.; Mallinson RG. Conversion of 
Glycerol to Alkyl-aromatics over Zeolites. Energy & Fuels. 2010, 24 (7), 3804-3809. 
doi:10.1021/ef100160y
(8) Liu Z.; Wakihara T.; Nishioka D.; Oshima K.; Takewaki T.; Okubo T. One-minute synthesis of 
crystalline microporous aluminophosphate (AlPO4-5) by combining fast heating with a seed-
assisted method. Chemical Communications. 2014, 50 (19), 2526-2528. doi:10.1039/c3cc49548e
(9) Changcheng Wei.; Qijun Yu. Coupling conversion of n-hexane and CO over an HZSM‑5 Zeolite: 
Tuning the H/C balance and achieving high aromatic selectivity. ACS Catalysis. 2020, 10, 4171-
4180. doi:10.1021/acscatal.9b05619

Page 15 of 18

© The Author(s) or their Institution(s)

Canadian Journal of Chemistry



Draft

(10) Yang, C.; Qiu, M. Stable and efficient aromatic yield from methanol over alkali treated 
hierarchical Zn-containing HZSM-5 zeolites. Microporous and Mesoporous Mater. 2016, 231, 110-
116. doi:10.1016/j.micromeso.2016.05.02
(11) P, Sazama.; B, Wichterlova.; FTIR and 27Al MAS NMR analysis of the effect of framework 
Al- and Si-defects in micro- and micro-mesoporous H-ZSM-5 on conversion of methanol to 
hydrocarbons. Microporous and Mesoporous Materials. 2011, 143, 87-96. 
doi:10.1016/j.micromeso.2011.02.013
(12) Majano G.; Darwiche A.; Mintova S.; Valtchev V. Seed-Induced crystallization of nanosized 
Na-ZSM-5 crystals. Industrial & Engineering Chemistry Research. 2009, 48 (15), 7084-7091. 
doi:10.1021/ie8017252
(13) Zhang H.; Song K.; Wang L.; Zhang H.; Zhang Y.; Tang Y. Organic structure directing agent-
free and seed-induced synthesis of enriched intracrystal mesoporous ZSM-5 zeolite for shape-
selective reaction. ChemCatChem. 2013, 5 (10), 2874-2878. doi:10.1002/cctc.201300242
(14) Ng EP.; Chateigner D.; Bein T.; Valtchev V.; Mintova S. Capturing ultrasmall EMT zeolite 
from template-free systems. Science. 2012, 335 (6064), 70-73. doi:10.1126/science.1214798
(15) Hsu CY.; Chiang AST.; Selvin R.; Thompson R W. Rapid synthesis of MFI zeolite nanocrystals. 
Journal of Physical Chemistry B. 2005, 109 (40), 18804-18814. doi: 10.1021/jp0526391
(16) Wu G.; Wu W.; Wang X.; Zan W.; Wang W.; Li C. Nanosized ZSM-5 zeolites: Seed-induced 
synthesis and the relation between the physicochemical properties and the catalytic performance in 
the alkylation of naphthalene. Microporous and Mesoporous Materials. 2013, 180, 187-195. 
doi:10.1016/j.micromeso.2012.11.011
(17) Ren N.; Yang Z-J.; Lv X-C.; Shi J.; Zhang Y-H.; Tang Y. A seed surface crystallization 
approach for rapid synthesis of submicron ZSM-5 zeolite with controllable crystal size and 
morphology. Microporous and Mesoporous Materials. 2010, 131 (1-3), 103-114. 
doi:10.1016/j.micromeso.2009.12.009
(18) Sun Q.; Wang N.; Guo G.; Yu J. Ultrafast synthesis of nano-sized zeolite SAPO-34 with 
excellent MTO catalytic performance. Chemical Communications. 2015, 51 (91), 16397-16400. 
doi:10.1039/c5cc07343j
(19) Shunyu Han.; Yu Liu.; Chengri Yin.; Nanzhe Jiang. Fast synthesis of submicron ZSM-5 zeolite 
from leached illite clay using a seed-assisted method. Microporous and Mesoporous Materials. 2019, 
275, 223-228. doi:10.1016/j.micromeso.2018.08.028
(20) Liu Z.; Nomura N.; Nishioka D.; Hotta Y.; Matsuo T.; Oshima K.; Yanaba Y.; Yoshikawa T.; 
Ohara K.; Kohara S.; Takewaki T.; Okubo T.; Wakihara T. A top-down methodology for ultrafast 
tuning of nanosized zeolites. Chemical Communications. 2015, 51 (63), 12567-12570. 
doi:10.1039/c5cc04542h
(21) Iyoki K.; Itabashi K.; Chaikittisilp W.; Elangovan SP.; Wakihara T.; Kohara S.; Okubo T. 
Broadening the applicable scope of seed-directed, organic structure-directing agent-free synthesis 
of zeolite to zincosilicate components: A case of VET-Type zincosilicate zeolites. Chemistry of 
Materials. 2014, 26 (5), 1957-1966. doi:10.1021/cm500229f
(22) Tian H.; Zhang Z.; Chang H.; Ma X. Catalytic performance of imidazole modified HZSM-5 
for methanol to aromatics reaction. Journal of Energy Chemistry. 2017, 26 (3), 574-583. 
doi:10.1016/j.jechem.2017.03.008
(23) Emeis CA. Determination of integrated molar extinction coefficients for infrared absorption 
bands of pyridine adsorbed on solid acid catalysts. Journal of Catalysis. 1993, 141, 347-354. 

Page 16 of 18

© The Author(s) or their Institution(s)

Canadian Journal of Chemistry



Draft

doi:10.1006/jcat.1993.1145
(24) Yan W.; Xi S.; Du Y.; Schreyer MK.; Tan SX.; Liu Y.; Borgna A. Heteroatomic Zn-MWW 
zeolite developed for catalytic dehydrogenation reactions: A combined experimental and DFT study. 
ChemCatChem. 2018, 10 (14), 3078-3085. doi:10.1002/cctc.201800199
(25) Ma D.; Shu Y.; Han X.; Liu X.; Xu Y.; Bao X. Mo-HMCM-22 catalysts for methane 
dehydroaromatization: A multinuclear MAS NMR study. Journal of Physical Chemistry B. 2001, 
105 (9), 1786-1793. doi:10.1021/jp002011k
(26) Wang X.; Zhang J.; Zhang T.; Xiao H.; Song F.; Han Y.; Tan Y. Mesoporous ZnZSM-5 zeolites 
synthesized by one-step desilication and reassembly: a durable catalyst for methanol aromatization. 
RSC Advances. 2016, 6 (28), 23428-23437. doi:10.1039/c6ra03511f
(27) Mochizuki H.; Yokoi T.; Imai H.; Watanabe R.; Namba S.; Kondo JN.; Tatsumi T. Facile 
control of crystallite size of ZSM-5 catalyst for cracking of hexane. Microporous and Mesoporous 
Materials. 2011, 145 (1-3), 165-171. doi:10.1016/j.micromeso.2011.05.011
(28) Han OH.; Kim CS.; Hong SB. Direct evidence for the nonrandom nature of Al substitution in 
zeolite ZSM-5 an investigation by 27Al MAS and MQ MAS NMR. Angewandte Chemie 
International Edition. 2002, 141, 469-472. doi:10.1002/1521-3773(20020201)41:3<469::AID-
ANIE469>3.0.CO;2-K
(29) Wan Z.; Wu W.; Li G.; Wang C.; Yang H.; Zhang D. Effect of SiO2/Al2O3 ratio on the 
performance of nanocrystal ZSM-5 zeolite catalysts in methanol to gasoline conversion. Applied 
Catalysis A: General. 2016, 523, 312-320. doi:10.1016/j.apcata.2016.05.032
(30) Liu W.; Rao Y.; Wan H.; Karkamkar A.; Liu J.; Wang LQ. Bubbling reactor technology for 
rapid synthesis of uniform, small MFI-Type zeolite crystals. Industrial & Engineering Chemistry 
Research. 2011, 50 (12), 7241-7250. doi:10.1021/ie102069z
(31) Xia QH.; Shen SC.; Song J.; Kawi S.; Hidajat K. Structure, morphology, and catalytic activity 
of β zeolite synthesized in a fluoride medium for asymmetric hydrogenation. Journal of Catalysis. 
2009, 219 (1), 74-84. doi:10.1016/s0021-9517(03)00154-4
(32) Chu N.; Yang J.; Wang J.; Yu S.; Lu J.; Zhang Y.; Yin D. A feasible way to enhance effectively 
the catalytic performance of methane dehydroaromatization. Catalysis Communications. 2010, 11 
(6), 513-517. doi:10.1016/j.catcom.2009.12.004
(33) Zhang L.; Jiang Z-X.; Yu Y.; Sun C-S.; Wang Y-J.; Wang H-Y. Synthesis of core–shell ZSM-
5@meso-SAPO-34 composite and its application in methanol to aromatics. RSC Advances. 2015, 
5 (69), 55825-55831. doi:10.1039/c5ra10296kp
(34) Mochizuki H.; Yokoi T.; Imai H.; Namba S.; Kondo JN.; Tatsumi T. Effect of desilication of 
H-ZSM-5 by alkali treatment on catalytic performance in hexane cracking. Applied Catalysis A: 
General. 2012, 449, 188-197. doi:10.1016/j.apcata.2012.10.003
(35) Velebná K.; Horňáček M.; Jorík V.; Hudec P.; Čaplovičová M.; Čaplovič Lu. The influence of 
molybdenum loading on activity of ZSM-5 zeolite in dehydroaromatization of methane. 
Microporous and Mesoporous Materials. 2015, 212, 146-155. 
doi:10.1016/j.micromeso.2015.04.001
(36) Tan P. Active phase, catalytic activity, and induction period of Fe/zeolite material in 
nonoxidative aromatization of methane. Journal of Catalysis. 2016, 338, 21-29. 
doi:10.1016/j.jcat.2016.01.027
(37) Schwach P.; Pan X.; Bao X. Direct conversion of methane to Value-Added chemicals over 
heterogeneous catalysts: Challenges and prospects. Chemical Reviews. 2017, 117 (13), 8497-8520. 

Page 17 of 18

© The Author(s) or their Institution(s)

Canadian Journal of Chemistry



Draft

doi:10.1021/acs.chemrev.6b00715
(38) Spivey JJ.; Hutchings G. Catalytic aromatization of methane. Chemical Society Reviews. 2014, 
43 (3), 792-803. doi:10.1039/c3cs60259a
(39) Moghimpour Bijani P.; Sohrabi M.; Sahebdelfar S. Thermodynamic analysis of nonoxidative 
dehydroaromatization of methane. Chemical Engineering & Technology. 2012, 35 (10), 1825-1832. 
doi:10.1002/ceat.201100436
(40) Tian H.; Lv J.; Liang X.; Tang X.; Zha F. Tuning morphology of Zn/HZSM-5 for catalytic 
performance in methanol aromatization. Energy Technology. 2018, 6 (10), 1986-1993. 
doi:10.1002/ente.201800119
(41) Qi L.; Wei Y.; Xu L.; Liu Z. Reaction behaviors and kinetics during induction period of 
methanol conversion on HZSM-5 zeolite. ACS Catalysis. 2015, 5 (7), 3973-3982. 
doi:10.1021/acscatal.5b00654
(42) Gao Y.; Wu G.; Ma F.; Liu C.; Jiang F.; Wang Y.; Wang A. Modified seeding method for 
preparing hierarchical nanocrystalline ZSM-5 catalysts for methanol aromatisation. Microporous 
and Mesoporous Materials. 2016, 226, 251-259. doi:10.1016/j.micromeso.2015.11.066
(43) Wang N.; Qian W.; Shen K.; Su C.; Wei F. Bayberry-like ZnO/MFI zeolite as high performance 
methanol-to-aromatics catalyst. Chemical Communications. 2016, 52 (10), 2011-2014. 
doi:10.1039/c5cc08471g
(44) Liu Y.; Zhao M.; Cheng L.; Yang J.; Liu .; Wang J.; Yin D.; Lu J.; Zhang Y. Facile synthesis 
and its high catalytic performance of hierarchical ZSM-5 zeolite from economical bulk silicon 
oxides. Microporous and Mesoporous Materials. 2018, 260, 116-124. 
doi:10.1016/j.micromeso.2017.07.012
(45) Tan PL.; Au CT.; Lai SY. Effects of acidification and basification of impregnating solution on 
the performance of Mo/HZSM-5 in methane aromatization. Applied Catalysis A: General. 2007, 
324, 36-41. doi:10.1016/j.apcata.2007.03.002

Page 18 of 18

© The Author(s) or their Institution(s)

Canadian Journal of Chemistry


