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Abstract 

ZSM-5 zeolite with intra-crystalline mesopores was synthesized via grinding synthesis method 

(GSM). It was found that the formation of the mesopores in the ZSM-5 crystals is due to the 

difference between the speed of crystallization and dissolution processes occurring during the 

GSM synthesis. The alkalinity of the precursor gels tailored the formation of the mesoporous 

structure and the crystal size of the ZSM-5 zeolite. The most regular mesopores in the ZSM-5 

crystals were formed under grinding synthesis of the precursor gel with a defined concentration of 

alkali cations (Na2O/SiO2=0.113). The size of the mesopores in the ZSM-5 crystals varied from 
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3nm to 25nm, while the size of the individual ZSM-5 crystallites is in the range of 50-300nm 

which depend mainly on the amount of NaOH in the precursor gel. 

Keywords: ZSM-5 zeolite, grinding synthesis method (GSM), intra-crystalline mesopores, in-situ 

generation, NaOH/Si regulation 

Introduction 

As first synthesized by Mobil Corp in the 1970s, ZSM-5 zeolite has been extensively applied in 

various industrial processes such as catalysis and gas separation, owing to its unique porosity. 

However, conventional microporous ZSM-5 suffers from a limited diffusion path, which restricts 

its applications. The mesoporous or hierarchical structure of ZSM-5 was usually constructed via 

post synthesis, acid/base treatment, hydrothermal dealumination and mesoporous-OSDA induced 

growth, etc.1-4, in order to enhance mass transfer and accessibility of active sites. These treatment 

procedures complicate the synthesis process and lead to extra costs and loss of materials. Recently 

Yu et al. reported an amino acid assisted construction of hierarchical single-crystalline ZSM-5, 

where two-step crystallization process was applied5. Besides, the synthesis was performed in a 

precursor gel with a high Si/Al ratio over 150. So far, in-situ generation of mesopores in ZSM-5 

zeolites without any other treatment during crystallization is rarely reported6-8.  

Conventional hydrothermal crystallization of high silica zeolites leads to substantial waste water 

discharge by using a large amount of templates and solvents. While the dry gel conversion (DGC) 

or atmospheric pressure synthesis could efficiently reduce water usage, but extra steps are needed 

to evaporate solvents, which consumes additional energy9-11. Xiao et al. developed a solid-state 

synthesis of zeolites, which reduced the used of solvent considerably12, 13.  
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Here we present a facile grinding synthesis method (GSM), which involves mixing raw materials 

and grinding in a mortar, thus resulting in intra-crystalline mesoporous ZSM-5 zeolites with a 

Si/Al ratio of 15. No mesoporous templates nor pre- or post-treatments were applied in the GSM, 

which considerably simplify the preparation process for hierarchical zeolitic materials.  

Results and discussion 

1. Observation of intra-crystalline mesopores 

The synthesis details and characterization of the samples are presented in the experimental 

section in SI. The samples prepared by GSM from precursor gels with different alkalinity and for 

different crystallization time are summarized in Table S1. The intra-crystalline mesoporous Z5P 

sample was prepared from a precursor gel with a Na2O/SiO2 ratio of 0.113 and crystallization time 

of 24 hours. The diffraction pattern of the Z5P sample is presented in Fig. 1a; all characteristic 

peaks of MFI type zeolite are present. The Si/Al of the intra-crystalline mesoporous Z5P sample 

determined by XRF is 16.5, which is slightly higher than the precursor gel with a Si/Al ratio of 15, 

implying almost full conversion of the amorphous into crystalline matter. The N2 physisorption 

isotherm of sample Z5P is typical type IV with hysteresis loop at P/ P0=0.4-0.9 (Fig. 1b). The BJH 

pore size distribution curve presented as an inset indicates two distinct types of mesopores of 

approximately 3-8 nm and 25 nm. The intra-crystalline mesoporous Z5P sample has a mesopore 

area and mesopore volume of 77 m2/g and 0.20 cm3/g, respectively (Table 1). The micropore 

volume is 0.15 cm3/g, which is typical for ZSM-5 zeolite with similar Si/Al ratio as reported 

previously14, 15. The particle size and morphology of the crystals were examined by TEM and SEM 

(Fig. 1c and Fig. S1). The sample Z5P contains both small crystals less than 100nm and bigger 

ones over 200nm. Fig. 1d shows the intra-crystalline mesopores in the smaller crystals of sample 
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Z5P. Mesopores with irregular shapes are seen within the ZSM-5 crystals. The size of these 

mesopores is in the range of 5-25nm. This is in line with the pore size distribution measured by 

N2-physisorption of Z5P (Fig. 1b, Inset). 

The crystal growth of zeolites is controlled by a dynamic equilibrium between crystallization 

and dissolution16-19. The precursor suspension used for the GSM synthesis contains high 

concentration of NaOH and thus the alkalinity is higher compared with the precursor gel used for 

conventional hydrothermal synthesis of ZSM-5. The high concentration of NaOH increased not 

only the crystallization rate, but also the dissolution of the formed zeolite crystals. Especially 

smaller crystals in metastable state, having higher interface energy, are easier to be dissolved at 

high pH. Hence, when the dissolution speed is faster than that of the crystallization, mesopores are 

expected to be generated. Thus we believe that the formation of the mesopores can be ascribed to 

the dissolution of the zeolite crystallites. 

2. Tuning the intra-crystalline mesoporous structure  

The mesopore formation in zeolite crystals from precursor gels with different Na2O/SiO2 ratio 

was studied in details. Two samples, denoted as 1.5Na-Z5 and 2.0Na-Z5, from precursor gels with 

1.5-fold and 2-fold NaOH amount in comparison to sample Z5P, were synthesized by GSM (Table 

S1, Na2O/SiO2=0.153 and 0.193, respectively). The XRD results of samples 1.5Na-Z5 and 2.0Na-

Z5 confirmed that pure ZSM-5 is successfully prepared even at higher pH (Fig. S2). Higher 

alkalinity can remarkably promote crystal growth as well20-22. This is verified by the increased crystal 

size of 1.5Na-Z5 and 2.0Na-Z5 as shown in the SEM images (Fig. S3). The mesopores gradually 

decrease until totally disappear in sample 2.0Na-Z5, which is synthesized with the highest NaOH 

content (Fig. 2). The absence of mesopores is further validated by N2-physisorption result 

presented in Fig. 3. The mesopore specific area and mesopore volume also decreased sharply as 
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increasing the NaOH amount (Table 1). The ZSM-5 zeolite synthesized from the precursor gel 

with higher alkalinity (e.g., 1.5Na-Z5) bear larger crystal size and fewer intra-crystalline 

mesopores. At this condition the precursor gel would be further dissolved, thus high concentrated 

silica and alumina species would supply much more abundant nutrients, which would significantly 

accelerate the growth of the crystals. Sang et.al claimed that more stable mordenite (MOR) phase 

or even α-quartz would form from highly alkaline precursor gels used for the synthesis of ZSM-

523. Hence, in the current case, ZSM-5 crystals with bigger size are formed instead of being 

partially dissolved, leading to the decrease and even disappearance of the intra-crystalline 

mesopores.  

The above results demonstrate that high alkalinity had significant influence on the morphology 

and intra-crystal mesopores formation of ZSM-5 crystals. Therefore, zeolite samples were 

synthesized from precursor gels with lower alkalinity (Fig. S4) and denoted as samples 0.25Na-

Z5 and 0.5Na-Z5, respectively (Table S1, Na2O/SiO2=0.053 and 0.073, respectively). No 

mesopores were found in the two samples (Fig. 4). Another interesting change is observed in the 

morphological features of the samples synthesized at low pH of the precursor gel. ZSM-5 crystals 

with a nano-stick morphology are formed, and the crystal size is considerably reduced to 

approximate 50nm (Fig. 4b and 4d). These observations were confirmed by SEM (Fig. 5), showing 

that the zeolite samples consist of nano-sticks with a width of less than 100nm, which is smaller 

than the crystal size of sample Z5P (larger than 200nm). The absence of the mesopores in the 

0.25Na-Z5 and 0.5Na-Z5 zeolites synthesized at lower alkalinity is due to the inhibition of 

dissolution by a OH- shortage. In this case, crystallization process dominates, leading to the 

formation of pure microporous zeolites.  
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To further verify that the mesopore intra-crystalline structure was in-situ generated mainly by 

the crystallization-dissolution imbalance, we performed the synthesis of zeolite using the precursor 

gel of Z5P sample for various crystallization time. Samples were denoted as Z5-yh, where y 

represented the real crystallization time (Table S1, Z5-6h, Z5-12h, Z5-18h, Z5-48h and Z5-96h). 

No crystalline product was obtained from the precursor gel via GSM before 12h, as the XRD 

pattern corresponds to pure amorphous matter (Fig. S5, Z5-6h). On the other hand, almost the same 

crystallinity and porosity of samples Z5-12h and Z5P are measured (Fig. S5 and Table 1). 

Prolonging the crystallization time to 48h and 96h has no obvious effect on the crystallinity (Fig. 

S5) and morphology (Fig. S6c and S6d) of the samples. 

TEM image of sample Z5-12h (Fig. 6a) demonstrates that the intra-crystalline mesopores are 

already generated within 12h, confirmed by the hysteresis loop observed in N2 physisorption 

isotherms (Fig. 7). Increase of the crystallization time up to 96h led to the formation of bigger 

mesopores and partial formation of macropores over 50nm (Z5-96h, Fig. 6d). The mesopore 

volume of sample Z5-96h is slightly higher than that of samples Z5-12h and Z5P (Table 1), which 

is ascribed to the faster dissolution than crystallization when the synthesis time is extended.  

The crystallization-dissolution imbalance leading to the formation of mesoporous ZSM-5 zeolite 

is presented in Scheme 1. At lower alkalinity (region Ⅰ), the dissolution rate is slower than the 

crystallization rate, leading to the formation of microporous ZSM-5 (e.g., sample 0.5Na-Z5). 

Further increase of the alkalinity substantially accelerates the dissolution and surpasses the 

crystallization (region Ⅱ). This would lead to formation of partial defects or mesopores in the 

crystals (e.g., sample Z5P). At higher alkalinity (region Ⅲ), the precursor gel would be dissolved 

much faster, thus facilitating the crystal growth over concomitant dissolution, hence no mesopores 
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could be generated (e.g., sample 2.0Na-Z5). Besides, prolonging crystallization time would 

slightly increase the size of the mesopores formed, but the effect is not apparent.  

4. Conclusions 

The grinding synthesis method (GSM) is an appropriate approach towards creation of an intra-

crystalline mesoporous ZSM-5 zeolite. The formation of the mesoporous zeolite structure is 

attributed to the imbalance between the crystallization and dissolution rates, and is mainly 

controlled by the alkalinity of the precursor gel. Even though the constructed mesopores were 

irregular in shape and size, and not uniformly distributed among the crystals, it reveals the 

possibilities to generate the intra-crystalline mesoporous zeolite structure by one-step synthesis 

procedure. This finding would stimulate the development of more rational approaches towards 

preparation of hierarchical zeolites.   
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Figures 

 

Fig. 1. (a) XRD pattern, (b) N2 physisorption isotherm (inset: BJH pore size distribution), and 

TEM images (c) Scale bar, M=200 nm, (d) Scale bar, M=50 nm of sample Z5P.  

  

Fig. 2. TEM images of samples (a) 1.5Na-Z5, scale bar, M=0.5µm; (b) 1.5Na-Z5, scale bar, 

M=1µm; (c) 2.0Na-Z5, scale bar, M=0.5µm; and (d) 2.0Na-Z5, scale bar, M=1µm. 
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Fig. 3. N2-physisorption isotherms and BJH pore size distributions (Inset) of samples Z5P, 1.5Na-

Z5 and 2.0Na-Z5. 

 

Fig. 4. TEM images of samples (a) 0.25Na-Z5, scale bar, M=200nm; (b) 0.25Na-Z5, scale bar, 

M=50nm; (c) 0.5Na-Z5, scale bar, M=200nm; (d) 0.5Na-Z5, scale bar, M=50nm. 
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Fig. 5. SEM images of samples (a) 0.25Na-Z5, scale bar, M=10µm; (b) 0.25Na-Z5, scale bar, 

M=1µm; (c) 0.5Na-Z5, scale bar, M=10µm; and (d) 0.5Na-Z5, scale bar, M=1µm. 

 

Fig. 6. TEM images of samples Z5-12h, Z5-18h, Z5-48h and Z5-96h synthesized for (a) 12h, (b) 

18h, (c) 48h, and (d) 96h. Scale bar, M=100nm. 
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Fig. 7. N2-physisorption isotherms and BJH pore size distributions (Inset) of samples Z5-12h, 

Z5P and Z5-96h. 

  

Scheme 1. Crystallization-dissolution of ZSM-5 zeolite imbalance as a function of NaOH 

concentration in the precursor gel subjected to GSM. Regions I and III: the crystallization is 

faster than the dissolution; Region II: the crystallization is slower than dissolution. 

Tables 

Table 1. Properties of samples prepared from precursor gels with different Na2O/SiO2 ratios and 

various crystallization time.  
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Samples SBET (m2/g) Smeso (m2/g) Vtotal (cm3/g) Vmeso (cm3/g) 

Z5P 393 77 0.35 0.20 

1.5Na-Z5 387 36 0.22 0.07 

2.0Na-Z5 370 13 0.17 0.03 

Z5-12h 395 74 0.35 0.20 

Z5-96h 396 49 0.41 0.26 

 


