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ABSTRACT 

Methanol dehydration reaction is an essential process to bridge the biomass 

conversion and chemicals. However, the undesired distribution of zeolite acidity 

hinders its excellent catalytic performance. In this work, the technique of passivating 
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surface acidity of a high aluminum containing ZSM-5 zeolite by the growth of 

Silicalite-1 layer under hydrothermal conditions is presented. The samples passivated 

with a single-step or double-step of Silicalite-1 deposition were tested for the 

dehydration of methanol to dimethyl ether and compared to the parent ZSM-5 zeolite 

using a bench-scale packed bed reactor operated at 160-240°C under atmospheric 

pressure. The conversion and selectivity for the single-step Silicalite-1 deposition 

catalyst decreased, and the amount of coke increased with respect to the parent ZSM-

5 catalyst. The formation of an amorphous silica layer and the decrease of the active 

surface caused the drop in conversion and selectivity of the catalyst with the 

passivating single-step Silicalite-1 deposition with respect to the parent zeolite. In 

contrast, the double-step of Silicalite-1 deposition on the catalyst showed similar 

conversion to the parent ZSM-5 zeolite but an improved selectivity due to the low 

coke formation and retention in the highly porous structure. 

 

Keywords: Surface Passivation; Zeolites; Methanol dehydration; Acidity control. 

 

1. INTRODUCTION 

In the past few decades, with the uncontrolled emission of greenhouse gases 

represented by CO2, the world has been increasingly threatened by the issue of 

climate warming1. Controlling of the consumption of traditional fossil-based 

transportation fuels and chemicals is one of the main ways to reduce CO2 

emissions and achieve "carbon neutrality"2,3. Although transportation fuels may be 

gradually replaced by more sustainable energy sources like wind, solar and hydro 

technology, chemicals should still rely on carbon-based resources4. In this sense, 
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increasingly research attentions focus on the valorization and exploration of 

renewable carbon-based sources such as biomass to chemicals3,5.  

Methanol is an essential molecule for biomass conversion into chemicals6.  On 

one hand, methanol can be easily manufactured via biomass gasification7, and on 

the other hand, methanol can also be converted via dehydration to various 

chemicals such as dimethylether (DME) and light olefins8. For the latter process, 

zeolites (e. g. ZSM-5, SAPO-34, ZSM-22, ferrierite, etc.) play a dominant role due to 

the flexible and adjustable chemical composition (silicon-to-aluminum ratio), high 

hydrothermal stability and surface acidity9,10. However, the catalytic performance 

of the zeolites is always weakened by coke formation, which is chiefly due to the 

undesired nature, distribution and strength of the acid sites11,12. Therefore, it is of 

vital importance to find a solution towards improving the performance of zeolite 

catalysts by tuning their acidity in methanol dehydration process13. 

The main acidity of zeolites resides in the presence of Brønsted Acid Sites (BAS), 

however the hydrophobicity of the zeolite does not rely only on them and silanol 

networks play a crucial role in coke deposition being also more or less polar bonds 

14. This was recently highlighted in a study relating vapor adsorption capacities of 

water and methanol in zeolites to the hydroxyl concentration measured with 29Si 

NMR and IR spectroscopy15. Thus, the passivation of zeolite surface is a promising 

way in tuning properties of already functional catalysts in the industry like ZSM-5 

zeolites especially when polar molecules are involved.  

To adjust the surface acidity and hydrophobicity, several techniques have been 

applied on several zeolites within "hybrid" (Red-Ox/Acid) catalyst toward 

improving their performance and stability for sustainable processes16,17. One 
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typical example is the epitaxial growth applied for passivation of zeolite surfaces, 

thus, to control the surface acidity and protect metallic sites promoting the 

coupling with the acid phase in a "hybrid catalysts"18,19. Enlighted by such an 

example, depositing a pure silica MFI zeolite (Silicalite-1) shell on the surface of 

the ZSM-5 zeolite core is a plausible way to passivate the undesired acidity within 

the ZSM-5 zeolite core20–22 and to modify the acidity and tailor the catalysts' 

properties 23–28. Moreover, various other techniques have been tested and 

described in literature to reach the goal of passivating surface acidity. Surface 

dealumination of a nano-sized ZSM-5 zeolite carried out before the organic 

template removal, allowed to prolong the lifetime of catalyst employed in the 

reaction of methanol to propylene 29. Recently, it was also showed that reversing 

the external surface of ZSM-5 zeolite by positively charged 

hexadecyltrimethylammonium??? (HDTMA) allowed a selectively deposit of 

phosphorus on the external surface and pore entrance, thus leading to improved 

para-selectivity in the alkylation of toluene with methanol 30. Additionally, 

chemical liquid deposition (CLD) and chemical vapor deposition (CVD) of TEOS 

have been successfully employed with the purpose of passivating surface acidity of 

zeolites 31–34.  

The classical strategy for core-shell catalyst includes a two-step procedure, 

involving the core preparation and the shell growth; the coupling of Silicalite-1 on 

a ZSM-5 zeolite is the most used strategy. The thickness and morphology of 

Silicalite-1 shells are affected by the Si/Al ratio 20 and/or crystal size of the ZSM-5 

core 21 and the coating procedure applied. The morphology of the core-shell 
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zeolites is also dependent on the silica sources and structure-directing agent (SDA) 

used for preparing the precursor mixtures 22.  

Improved stability for ZSM-5/Silicalite-1 core-shell catalyst containing Mo in 

methane de-hydro-aromatization was reported; the core-shell catalyst exhibited 

an excellent shape selectivity without lowering the conversion significantly as a 

consequence of the reduced acidity 35.  The advantage of tuning the surface acidity 

of the core-shell catalysts in methanol-to-hydrocarbon reactions and pyrolysis was 

reported as well 36,3738. Other examples for ZSM-5 zeolites coated with a layer of 

Silicalite-1 were reported and employed in various applications39 such as 

methanol conversion into gasoline and diesel39 , ketonization and cracking 

reactions40 and alkylation of toluene20–22,41,42. However, the Si/Al ratio in ZSM-5 

core used was relatively high, ranging from 25 to more than 100, which hinders to 

broaden the application of the core-shell catalyst is the acidity of the zeolitic core.  

In this paper, we report the preparation of novel catalysts with a ZSM-5 core 

with a low Si/Al ratio passivated with a single and multi-layer Silicalite-1. The 

novel catalysts with high aluminum  content of the core and high number of 

external acid sites were tested in methanol dehydration reaction.  

 

2. EXPERIMENTAL 

2.1 Preparation of Core-Shell Zeolite Catalysts 

A ZSM-5 zeolite (Si/Al=11 in the gel) was prepared under hydrothermal 

conditions43 starting from a gel with the following molar composition: 0.08 Na2O-

0.08 TPABr–0.045Al2O3–1 SiO2–20 H2O. Briefly 0,56 g of sodium hydroxide 

(NaOH), 2,82 g of sodium aluminate (NaAlO2) and 7.1 g of tetrapropylammonium 
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bromide (TPABr) were dissolved in 119.6 g of distilled water. Finally, 20 g of 

precipitated silica (ADD TYPE ???) was added. The resultant gel was stirred for 1 h 

at room temperature, then transferred in a PTFE-lined stainless-steel autoclave 

and kept in a static oven at 170°C for 7 days. The obtained sample was washed 

with distillate water and calcinated at 550°C to eliminate the structural organic 

template (SDA). The acidic form of the samples was obtained after two cycles (2 h 

each at 80°C) of ionic exchange with NH4Cl (1 M) and a subsequent calcination at 

550°C. The parent zeolite catalyst labeled as ZSM-5_P was also used as a starting 

material for the following passivation treatments with Silicalite-1. 

Two catalysts with passivated surface acidity were synthesized by growth of 

Sillicalite-1 on the parent zeolite sample (ZSM-5_P) using a single-step or double-

step deposition. 5 g of ZSM-5 crystals in H+-form were immersed in 10 g of  

Silicalite-1 precursor mixture prepared by  mixing tetraethyl orthosilicate (TEOS), 

tetrapropylammonium hydroxide (TPAOH), and deionized water. The precursor 

mixture with the following molar was obtained: 2 SiO2: 0.5 TPAOH: 8 EtOH: 120 

H2O 21. The hydrothermal synthesis was performed at 180°C for 24h using a 

tumbling oven, and the as-prepared materials after purification was calcined at 

550°C (ramp: 2°C/min, duration time: 8 h, condition: static air) (named as single-

Silicalite-1 deposition step catalyst: ZSM-5_X). After purification and calcination, a 

part of ZSM-5_X crystals was used to repeat the synthesis of the Silicalite-1 shell, in 

a new synthesis gel, in order to increase the Silicalite-1 thickness and to obtain a 

better passivation performance (named as double-Silicalite-1 deposition step 

catalyst ZSM-5_XX). 

 



 7 

2.2 Characterization of the catalysts 

The crystallinity of the samples was determined by a Miniflex600 (Rigaku, Japan) 

diffractometer (λCu = 1.540560 Å, 40 kV, 15 mA); the X-ray diffraction patterns 

were recorded in the 2 range 5-40° (step: 0.01°; scanning rate: 1°/min).  

The chemical composition of the samples was characterized using a GBC 932AA 

atomic absorption spectrometer (AAS, GCB Scientific Equipment, Australia). 

Electron microscopy imaging and Energy Dispersive X-Ray Spectroscopy (EDS) 

were performed using a JEOL F200 transmission electron microscope (TEM) 

operated at 200kV equipped with a Gatan RIO16 camera and a JEOL Centurio EDS 

detector.  

The N2 physisorption measurements of the samples were carried out using an 

ASAP 2020 porosimeter (Micromeritics, USA) at 77 K. Specific surface areas and 

micropore volumes were calculated using the BET and t-plot methods, 

respectively44. 

NH3 temperature-programmed desorption measurements (NH3-TPD) of zeolites45 

were performed by a TPDRO1100 (Thermo Scientific, USA) equipped with a TCD 

detector, according to the following procedure. 100 mg of dried sample were 

loaded in a linear quartz micro-reactor (i.d., 4 mm; l., 200 mm) and pre-treated at 

300 °C in helium flow of 20 ml/min. Then temperature was lowered to 150 °C and 

the sample was saturated with a stream of NH3/He (10% v/v) flowing at 20 

ml/min for 120 minutes. Afterward, physisorbed ammonia was removed at 150 °C 

using a helium flow until TCD-signal baseline stabilization. Ammonia desorption 

measurement was carried out in the temperature range of 100–700 °C with a 

heating rate of 10 °C/min using a helium flow rate of 20 ml/min. 
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The IR spectra of the samples were recorded using a Nicolet iS 10 FTIR 

spectrometer (Thermo Scientific, USA) equipped with a DTGS detector. The self-

supported samples (25 mg, disk) were initially outgassed at 10-5 torr under 

heating (400°C for 2h, heating rate of 10 °C/min), and the spectra before and after 

pyridine (Py) delivery were recorded. FTIR spectra were measured at room 

temperature (r.t.) and 10-5-10-4 Torr in the mid-infrared region (MIR: 4000-400 

cm-1), with an optical resolution of 4cm-1 46,47. The physisorbed Py was removed 

under degassing of the sample at 150°C and 10-5 Torr for 60min before spectrum 

acquisition48 . The concentration of the Brønsted and Lewis acid sites was 

calculated via integration of the peaks at 1545 cm-1 and ⁓1454 cm-1,  respectively 

49,50. The measurement was performed on three independent samples and data 

were reported as an average standard deviation. 

 

2.3 Catalytic tests 

140 mg of catalysts (pellet, 300-500m) were tested in a U-shaped quartz packed 

bed reactor (ID = 15mm, L = 40mm) at 140-240°C and atmospheric pressure with 

a weight hourly space velocity (WHSV) of 4gMeOH·(gcat·h)-1 using a mixture of 

methanol (0.06 mol/mol) and nitrogen as carrier (60 STP ml/min)51, after 2h 

pretreatment at 240°C in N2 flow. Temperature and time for the pretreatment of 

the samples were established based on the TG results for the catalysts in H+ form;  

the temperature for removal of water was identified.  

A GC-FID (Agilent 7890 A) equipped with a J&W 125-1032 column was used to 

measure the products 51. Methanol conversion (     ) and DME selectivity (    ) 
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were calculated according to eq. 1 and 2, considering methanol (MeOH) and DME 

molar flow rate entering (in) or leaving the reactor (out): 

       
        

            

        

 (1) 

      
            

        
          

  
 (2) 

2.4 Coke Analysis 

The amount of deposited coke on the used catalysts was measured by thermo-

gravimetric analysis (TGA) using a TA Instruments SDT 650; the weight loss in the 

range 250-850°C (heating rate 10°C/min) was measured 12. The soluble coke 

species were detected via GC-MS (Agilent 7820A, MSD 5977E) analysis. Prior to 

the test, HF (40%) was used for dissolving the spent catalysts; then, 

dichloromethane was used as organic phase to extract the coke species 51. 

 

3. RESULTS AND DISCUSSION 

3.1 Physical and chemical properties of samples 

The X-ray patterns of the parent ZSM-5 and passivated catalysts contain the 

characteristic Bragg peaks for the MFI type zeolites (Figure 1); no other phases 

were observed. The intensity of the (120) and (053) peaks at 9.851 and 29.904° 

2Theta slightly decreased for the samples with passivated surface acidity. 

Conversely, the intensity of the (011) peak at 7.935° slightly increased. The latter 

observation might indicate a preferential growth of the Silicalite-1 on the (011) 

plane. Conversely, the intensity of the (120) and (053) peaks decreased, which is in 

line with the formation of an amorphous silica shell on the surface of the parent 

ZSM-5 zeolite. 
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FIGURE 1 HERE 

The chemical composition of the samples is summarized in Table 1; the Si/Al 

ratio increases with the increasing of Silicalite-1 layer thickness. The amount of 

Silicalite-1 shell was estimated to be 12 wt. % and 31 wt. % in the single and 

double- deposition step of Silicalite-1, respectively 52. The AA analyses were also 

performed of the mother liquor after the solid separation and in all cases, the 

presence of aluminum was not detected.  

TABLE 1 HERE 

All samples present a mixed Type I/IV isotherms with H4 hysteresis at 0.45 

P/P0 (Figure 2), typical of aggregated crystals containing textural mesopores 44. 

The parent zeolite ZSM-5_P showed similar porosity to other MFI zeolites reported 

before 53. The BET surface area (SBET) of the ZSM-5_X sample decreased by 14 %, 

with respect to the parent sample (Table 1), which is in line with other published 

results54. 

FIGURE 2 HERE 

A similar trend was observed for the microporous area (Smicro) and external 

surface area (Sext) of ZSM-5_X. BET surface area (SBET), microporous area (Smicro) and 

external surface area (Sext) of double-Silicalite-1 deposited sample ZSM-5_XX was 

higher than that of the sample with only one Silicalite-1 deposition step.  

TEM observations of the of the parent ZSM-5 sample reveal a bimodal particle 

size distribution. Two types of agglomerates are observed, consisting, on the one 

hand, of crystals of 100 nm maximum (Figure 3A) and, on the other hand, of larger 

crystals in the form of rods (thickness greater than 200 nm and length greater than 



 11 

1 micrometer). In both cases, the shape of the crystals is well defined, and their 

surface is free of any coating (Figure 3B).  

After the first passivation step, it is possible to observe the presence of 

amorphous material surrounding the two types of agglomerates (Figure 4A). 

Individually, the surface of the crystals is also covered, at least partially, by a thin 

amorphous layer (Figure 4B).  

FIGURE 4 HERE 

After the second passivation step, the ZSM-5 surface is covered by a thicker 

layer (Figure 5A). Within this layer, crystalline domains representative for MFI 

type zeolites can be seen (Figure 5B). 

FIGURE 5 HERE 

The NH3-TPD profiles of the samples (Figure 6) exhibit peaks at different 

temperatures: (l) is the low temperature peak (i.e. below 300°C), (m) is the 

medium temperature peak (below 500°C) and two peaks are also present at 

temperature higher than 550°C. In order to assess the acidity of the samples, due 

to the partial overlapping of the peaks, all of them were considered for the overall 

curve deconvolution. Moreover, since the peaks at temperature above 550°C are 

most likely associated with silanols dihydroxylation55, their contribution was not 

included in the total acidity determination (Table 2). The NH3 adsorption of the 

ZSM-5_X sample in comparison to the parent ZSM-5_P decreased by 26%, and this 

is in agreement with the evidence of the formation of an amorphous silica layer on 

the core 54 even though no detectable in the XRD, reducing the accessibility of the 

structure by the probe molecule. Furthermore, the total NH3 adsorption measured 

for the double-Silicalite-1 deposited (ZSM-5_XX) zeolite is lower than that of the 



 12 

parent ZSM-5_P but higher than that of the ZSM-5_X sample. A similar trend was 

observed for the medium temperature peak (m), and the (l) and (h) peaks 

decreased for the samples after a single and double Silicalite-1 deposition step 

(Table 2). 

FIGURE 6 HERE 

TABLE 2 HERE 

The FT-IR spectra of the parent and catalysts with passivated surface acidity 

using Pyridine (Figure 7) indicate a stepwise decrease of the Brønsted and Lewis 

acidity for both ZSM-5_X and ZSM-5_XX samples, which correlate linearly with the 

Si/Al ration of the catalysts (Table 2). The pyridine was used as a probe molecule, 

and the spectra were recorded  after treatment of the samples at 150°C 48. The FT-

IR results for samples ZSM-5_P and ZSM-5_X are in line with the NH3-TPD results 

whilst 23% difference was found for sample ZSM-5_XX. This difference could be 

probably due to the different size of the probes used, i.e., pyridine being larger 

failed to reach all acid sites. This result are in agreement with previous reports54 

and a good linear correlation (see Supplementary Information) between the Al 

content (Table 1)  and acidity the of the catalyst from FT-IR is found. Therefore, 

the data from the Pyridine adsorption measurements were used in the discussion.  

FIGURE 7 HERE 

3.2 Catalytic tests 

The methanol conversion for all catalysts was found to be improved with raising 

the temperature from 140 to 240°C, approaching the equilibrium at 240 °C (Figure 

8). The parent catalyst ZSM-5_P showed the highest conversion at all 

temperatures. This is attributed to the highest acidity of the parent ZSM-5_P 
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catalyst. While the single-Silicalite-1 deposited sample (sample ZSM-5_X) with 

similar acidity to the parent catalyst according to the FTIR showed lower 

conversion in the entire temperature range. The double-Silicalite-1 deposited 

catalyst (sample ZSM-5-XX) favorably impacts the methanol conversion compared 

to the ZSM-5_X sample, although the acidity was markedly reduced.  

FIGURE 8 HERE 

The selectivity was equal to 1 for all samples in the range 160-200°C. At 220 and 

240°C, the double-Silicalite-1 deposited catalyst (ZSM-5_XX) exhibited the highest 

selectivity of 98.4 and 96.9 %, respectively; a more pronounced decrease of the 

selectivity was detected for the single Silicalite-1 layered catalyst (ZSM-5-X). It 

seems that the observed trends in the conversion and selectivity are not in 

accordance with the acidity of the catalysts and are more dependent on their 

textural properties. Compared to the ZSM-5_P and ZSM-5_XX catalysts, the BET 

surface area, micropore area, and external surface areas are decreased for ZSM-5_X 

catalyst. This sample also showed higher silica content according to the chemical 

analysis and the arrangement of this layer in form of an amorphous silica shell was 

supported by the partial decrease of the Bragg peaks with (hkl) of (120) and (053) 

(Figure 1). Therefore, the reduced conversion for ZSM-5_X could be attributed to 

the surface properties of the samples; the amorphous silica shell partially blocked 

the ZSM-5_X and was restored after the growth of the second shell. The lower 

selectivity showed by the ZSM-5_X catalyst, with respect to the ZSM-5_P and ZSM-

5_XX catalysts, could indicate the increased pore tortuosity at the pore mouth, 

induced by the presence of amorphous silica, leading to an enhanced residence 

time of the formed DME within the micropores, in the presence of acidic sites, and 
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also to the formation of olefins. This is confirmed by the detection of C2-C3 olefins 

as a function of temperature, as presented in Figure 9. 

FIGURE 9 HERE 

It clearly appears that no olefin signal was detected at temperatures lower than 

220°C, whilst the ZSM-5_X promoted more olefins than the parent ZSM-5_P 

catalyst. On the contrary, this effect was significantly reduced in the case of the 

double-Silicalite-1 deposited catalyst (ZSM-5_XX), which is in accordance with the 

recovered textural properties of the sample and reduced acidity. 

Another interesting observation is the acid sites efficiency based on the 

average/apparent Turn Over Frequency (TOF), calculated far from the equilibrium 

conditions at 160° and 180°C (Figure 10): 

           
                        

           
 (3) 

where the ratio WHSV/MWMeOH is the MeOH hourly molar flow rate per gram of 

catalyst [μmol·(gcat·h)−1], xMeOH is the observed MeOH conversion, and total AS is 

the Brønsted acid sites concentration (μmol·gcat−1) determined from FTIR data 

(Table 2). The Brønsted acid sites are of vital importance in dehydration reactions. 

FIGURE 10 HERE 

In summary, the double-Silicalite-1 deposited catalyst (ZSM-5_XX) showed the 

best performance in terms of acid sites efficiency in comparison to the parent ZSM-

5_P and single- Silicalite-1 deposited catalyst ZSM-5_X at 180°C. 

 

3.3 Coke Analysis 

TGA analyses were performed on used parent and catalysts covered with 

Silicalite-1 after 5 h reaction. The DTG curves contain two broad peaks at 321-
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357°C (low-temperature region, LT) and at 549-563°C (high-temperature region, 

HT), indicating the presence of coke on the spent catalysts 51. The spent single-

Silicalite-1 deposited catalyst (ZSM_5_X) showed the highest coke formation 

(Table 3), while the spent double-Silicalite-1 deposited catalyst (ZSM-5_XX) 

contained the lowest amount of coke. 

TABLE 3 HERE 

GC-MS analysis of the coke species extracted from the spent parent, and 

catalysts with passivated surface acidity revealed the presence of pentamethyl 

benzene and hexamethyl benzene (Figure 11), which are the typical coke species 

found on the external surface of spent catalyst used for the dehydration of 

methanol to DME 12. 

FIGURE 11 HERE 

The area of the peaks associated with pentamethyl-benzene and hexamethyl-

benzene (Figure 11) correlated well with the total weight loss determined by TGA 

(correlation not shown), thus suggesting that the weight loss could be related to 

the soluble coke species coherent with the relatively low reaction temperatures. 

Moreover, the ZSM-5_X catalyst has shown the presence of 1,2,4,5-

tetramethylbenzene, while the latter was not shown for the ZSM-5_P and ZSM-

5_XX catalysts, in line with the assumed increased tortuosity for the ZSM-5_X 

sample. 

 
4. CONCLUSIONS 

The goal of passivating the surface acidity of a high Al containing ZSM-5 zeolite 

by single- and double-layer Silicalite-1 deposition step has been successfully 
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achieved. The obtained samples were used for the reaction of methanol 

dehydration to DME. Compared to the parent ZSM-5 zeolite, the conversion and 

selectivity of the single-Silicalite-1 layered catalyst were found to decrease while 

the amount of coke increased with respect to the uncovered ZSM-5. The formation 

of an amorphous silica layer after the first growth cycle ended up in a low 

conversion and selectivity of the ZSM-5_X catalyst. On the contrary, catalytic 

results demonstrated that depositing a second of Silicalite-1 layer could positively 

contribute to the catalyst performance. Reduction in surface acidity, mainly 

responsible for coke formation, improved the catalyst efficiency with significant 

reduction of coke formation, mainly poly-methyl benzenes, on the external surface 

of the spent catalysts. In addition, calculation of Turn Over Frequency, calculated 

using Brønsted acid sites, confirmed a comparable efficiency of the double-layered 

passivated catalysts and the parent zeolite. 
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TABLES CAPTIONS 

Table 1. Textural properties of parent (ZSM-5_P), single- step Silicalite-1 layered 

catalyst (ZSM-5_X) and double-step Silicalite-1 layered catalyst (ZSM-5_XX) 

determined by N2 physisorption analysis at -196°C. 

Table 2. Acidity of parent (ZSM-5_P), single- step Silicalite-1 layered catalyst 

(ZSM-5_X) and double-step Silicalite-1 layered catalyst (ZSM-5_XX) measured by 

NH3-TPD analysis and FTIR using pyridine as a probe molecule. (Data are ± 

Standard deviation) 

Table 3.  Coke formation on used parent (ZSM-5_P), single- step Silicalite-1 

layered catalyst (ZSM-5_X) and double-step Silicalite-1 layered catalyst (ZSM-

5_XX)  after 5h time-on-stream. 

 

 

FIGURES CAPTIONS 

Figure 1. XRD patterns of parent (ZSM-5_P), single- step Silicalite-1 layered 

catalyst (ZSM-5_X) and double-step Silicalite-1 layered catalyst (ZSM-5_XX). 

Reference pattern is extracted from International Zeolite Association Official 

Structures Database (http://www.iza-structure.org/databases/) and it refers to 

calcined ZSM-5  

Figure 2. N2 sorption isotherms of parent (ZSM-5_P), single- step Silicalite-1 

layered catalyst (ZSM-5_X) and double-step Silicalite-1 layered catalyst (ZSM-

5_XX).  

Figure 3.  TEM pictures of parent zeolite (ZSM-5_P) showing the clean edges of (A, 

B) two crystals at the same magnification, M=30 nm.  

http://www.iza-structure.org/databases/
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Figure 4. TEM pictures of single-deposition step Silicalite-1 layered catalyst ZSM-

5_X showing (A) the crystalline ZSM-5_P covered by amorphous silica particles and 

(B) the edge of ZSM-5_P covered by random amorphous silica particles at the same 

magnification, M=20 nm. 

Figure 5. TEM pictures of double-deposition step Silicalite-1 layered catalyst ZSM-

5_XX showing (A) the multi-Silicalite-1 layer, M=30 nm and (B) the crystalline 

nature of Silicalite-1 with crystalline fringes corresponding to the MFI type 

structure, M=50 nm. 

Figure 6. NH3-TPD profiles of parent (ZSM-5_P), single- step Silicalite-1 layered 

catalyst (ZSM-5_X) and double-step Silicalite-1 layered catalyst (ZSM-5_XX).  

Figure 7. FTIR spectra on the parent ZSM-5_P, single-Silicalite-1 layer catalyst 

ZSM-5_X and multi-Silicalite-1 layer catalyst ZSM-5_XX. Left: OH-region before and 

after Pyridine adsorption; right: Pyridine adsorption region. 

Figure 8. Methanol conversion and selectivity of parent (ZSM-5_P), single- step 

Silicalite-1 layered catalyst (ZSM-5_X) and double-step Silicalite-1 layered catalyst 

(ZSM-5_XX). Reaction condition: atmospheric pressure, WHSV=4gMeOH·(gcat·h)-1, N2 

carrier gas. 

Figure 9. Olefins formation as a function of temperature on parent (ZSM-5_P), 

single- step Silicalite-1 layered catalyst (ZSM-5_X) and double-step Silicalite-1 

layered catalyst (ZSM-5_XX). (160-200°C; atmospheric pressure: WHSV: 

4gMeOH·(gcat·h)-1, N2 carrier gas) 

Figure 10. Turn Over Frequency (TOF) of parent (ZSM-5_P), single- step Silicalite-

1 layered catalyst (ZSM-5_X) and double-step Silicalite-1 layered catalyst (ZSM-

5_XX). 
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Figure 11. GC-MS analysis of the spent parent (ZSM-5_P), single- step Silicalite-1 

layered catalyst (ZSM-5_X) and double-step Silicalite-1 layered catalyst (ZSM-

5_XX), revealing the presence of pentamethyl benzene and hexamethyl benzene. 

 

 



Table 1 
 

 

 

 

Catalyst 
Si/Albulk 

mol/mol 

SBETa  

(m2/g) 

Smicrob 

(m2/g) 

Sextb 

(m2/g) 

Vpc 

(cm3/g) 

Vmicrob 

(cm3/g) 

ZSM-5_P 15.4 404 310 94.3 0.21 0.12 

ZSM-5_P_X 17.6 349 267 80.0 0.17 0.10 

ZSM-5_P_XX 27.1 389 293 96.0 0.20 0.11 

aCalculated by the multipoint BET method in the Rouquerol p/p0 range; bCalculated by the t-plot method; cCalculated at p/p0 

0.95 

 



Table 2 
 

Catalyst 
NH3-TPD (       

     ) Py FT-IR (           ) 

la ma Total B b L b Total 

ZSM-5_P 
259 ± 25 

(279) 

424 ± 42 

(456) 
683 ± 65 446 ± 32 247 ± 2 693 ± 34 

ZSM-5_P_X 
207 ± 19 

(295) 

299 ± 32 

(462) 
506 ± 10 403 ± 20 232 ± 22 635 ± 2 

ZSM-5_P_XX 
195 ± 20 

(272) 

324 ± 35 

(443) 
519± 56 276 ± 5 183 ± 55 459 ± 51 

a l and m are low and  medium temperature desorption peaks respectively. Values into parenthesis (°C); 

b B: Brønsted acid sites (IMECB= 1.02 cm/μmol); L: Lewis acid sites (IMECL= 0.89 cm/μmol) 

 

  



Table 3 
 

 

 

Catalyst mg COKE/g Cat mg COKE /g Formed DME 

ZSM-5_P 31 0.8 

ZAM-5_X 39 1.3 

ZSM-5_XX 22 0.7 



 

Figure 1 

 

5 15 25 35 45

N
o
rm

a
li
ze

d
 S

ig
n

a
l 
[a

.u
.]

2q [°]

ZSM-5_P

ZSM-5_X

ZSM-5_XX

Reference pattern



 

Figure 2 



 

Figure 3 

  



 

Figure 4 

  



 

Figure 5 

 
  



 

Figure 6 

  



 

Figure 7 

 

 

0

200

400

600

800

0

30

60

90

0 1000 2000 3000 4000 5000

T
em

p
er

a
tu

re
 [
°C

]

T
P

D
 s

ig
n

a
l 
[m

V
]

Time [s]

ZSM-5_P

0

200

400

600

800

0

30

60

90

0 1000 2000 3000 4000 5000

T
em

p
er

a
tu

re
 [
°C

]

T
P

D
 S

ig
n

a
l 
[m

V
]

Time [s]

ZSM-5_X

0

200

400

600

800

0

30

60

90

0 1000 2000 3000 4000 5000

T
em

p
er

a
tu

re
 [
°C

]

T
P

D
 s

ig
n

a
l 
[m

V
]

Time [s]

ZSM-5_XX



 

Figure 8 

 

  

0

0.02

0.04

0.06

0.08

0.1

1400150016001700

Wavenumber [cm-1]
A

b
so

rb
a
n

ce
 [

-]

2

2.5

3

3.5

4

4.5

34003500360037003800

A
b

so
rb

a
n

ce
 [

-]

Wavenumber [cm-1]

B L

L+B

ZSM-5_P

ZSM-5_X

ZSM-5_XX

ZSM-5_P

ZSM-5_X

ZSM-5_XX



 

Figure 9 

 

  

0

0.25

0.5

0.75

1

160 180 200 220 240

M
et

h
a
n

o
l 
C

o
n

v
er

si
o
n

 [
-]

T [°C]

ZSM-5_P

ZSM-5_X

ZSM-5XX

Equilibrium curve

0.9

0.95

1

160 180 200 220 240

D
M

E
 S

el
ec

ti
v
it

y
 [

-]

T [°C]



 

Figure 10 

  

0

10

20

30

40

50

60

160 180 200 220 240

C
2
, 
C

3
 O

le
fi

n
s

C
ro

m
a
to

g
ra

p
h
ic

 P
ea

k
 A

re
a
 [

a
.u

]

T [°C]

ZSM-5_P

ZSM-5_X

ZSM-5XX



 

Figure 11 

  

0.00

0.01

0.02

0.03

0.04

160 180

T
O

F
 [

s-
1
]

Temperature [°C]

ZSM-5_P

ZSM-5_X

ZSM-5_XX



 

Figure 12 

 


