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ABSTRACT 

FER-type zeolite was recently recognized as good catalyst for DME synthesis via 

methanol dehydration or one-pot CO2 hydrogenation, in terms of DME selectivity, 

stability and coke formation. In this research, we investigated the role of crystal size of 

both FER- and MFI-type zeolites on catalysis of methanol dehydration to DME 

reaction. The results show that FER-type zeolites, both micro- and nano-sized, exhibit 

better performances than micro-sized MFI-type zeolite. On the contrary, the application 

of nano-sized MFI allows to obtain a DME selectivity similar to FER, but with higher 

DME production rate and a lower coke deposition.      

 

Keywords: methanol conversion; dimethyl ether; molecular sieves; crystal size; 

nanosized zeolites; coke formation. 

 

1. INTRODUCTION 

The Dimethyl-ether (DME) synthesis via one-pot CO2 hydrogenation, is an emerging 

strategy to propone DME as “green fuel” alternative to Diesel engines, also because of 

its high cetane number and eco-friendly emissions [1, 2]. DME can be then considered a 

reliable energy vector to introduce renewable energy in the chemical industry as it could 

recycle CO2 (from biomasses or capture processes) in combination with renewable 

hydrogen. Currently, DME is commercialized as substitute to liquefied petroleum gas 

(LPG). Moreover, DME can also act as an intermediate in olefins production in 

methanol-to-olefins (MTO) process [3, 4].  
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DME is industrially-obtained via either the methanol dehydration (indirect route) or the 

one-pot syngas conversion (direct route) [5]. In the indirect route, methanol (MeOH) is 

synthesized by CO hydrogenation over Cu/ZnO-based catalysts and then dehydrated to 

DME over an acid catalyst in a separate reactor. In the direct route both the synthesis 

and the subsequent dehydration of methanol are carried out in a single reactor over a 

redox/acid multifunctional catalyst under process conditions close to those of the 

methanol synthesis (240–280°C, 3–7 MPa). Details, perspectives and challenges about 

innovative one-pot CO2 hydrogenation process are discussed elsewhere [6-8]. Whatever 

the synthesis route, the physicochemical properties of the acid catalyst for the methanol 

dehydration reaction step play a key role in DME production rate and catalyst stability.  

Traditionally, γ-Al2O3 plays the role of acid catalyst for the either the dehydration of 

methanol to dimethyl ether (indirect route) or as co-catalyst, coupled with redox catalyst 

(e.g. Cu/ZnO/Al2O3), for the direct route converting syngas [9, 10]. γ-Al2O3 exhibits 

very low DME productivity during CO2-to-DME process, due to low resistance in 

presence of the large amount of water produced during the reaction. Therefore, due to 

their higher resistance in presence of water, zeolites acid catalysts are largely 

investigated both in one-pot CO2-to-DME process and in vapour phase methanol 

dehydration [11-15].  

Due to their very regular networks of channels and cages with well-defined sized and 

shapes, zeolites are largely used in several industrial applications (heterogeneous 

catalysis, gas separation, ion exchange) [16, 17]. Both advantages and disadvantages are 

related to the regular micropore channel system. Among the advantages, shape 

selectivity is the most important aspect when zeolites are used in either catalysis or 

separation, while the main drawback is the severe mass transport limitations inside the 
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crystals, especially when zeolites are applied in catalysis. During the past decades, 

much effort was devoted to prepare zeolites with enhanced diffusion inside the crystal 

[18, 19] and the synthesis of nanosized zeolite crystals was largely investigated as a 

promising strategy to prepare a material with reduced mass transfer limitations [20, 21].  

Recent works showed that the zeolite structure (channels opening and orientation) 

strongly affects catalyst behaviour during methanol dehydration, mainly in terms of 

deactivation and coke deposition. Among the several zeolite structures investigated until 

now, FER-type zeolite (2-dimensional 8/10-membered rings channel system) seems to 

exhibit the best performances in terms of DME selectivity and coke-induced 

deactivation [22-25]. In a recent study, the positive effect of crystal size reduction of 

FER-type zeolite on DME productivity and coke deposition was reported [26]. 

Compared to other investigated zeolite structure (MTW, EUO, TON, beta, MOR, 

CHA), studies on MFI-type zeolite showed that this structure exhibits a good stability 

but with lower DME productivity and higher coke formation, due to larger pore 

structure than that of FER-type zeolite [27, 28]. As mentioned before, the properties of 

zeolites strongly depend on the synthesis conditions. In this study, we highlight that 

zeolite crystal size plays a crucial role and, therefore, performances comparison of 

different structures could be a relative concept, when this parameter is not properly 

addressed. Zeolites may be considered as a chemical reactor at nanometric scale: the 

control of residence time inside the crystal/reactor is of paramount importance, 

especially to inhibit consecutive reactions, such as in the case of MeOH/DME-to-

hydrocarbons reactions. In this work, both micro- and nano-sized zeolites with MFI or 

FER structure are compared, with the aim to show how the control of diffusional 

phenomena may be more important than shape-selectivity.  
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2. EXPERIMENTAL 

Micro-sized FER sample (M-FER) was synthesised with pyrrolidine as structure 

directing agent (SDA) by adopting the following gel molar composition: 

0.6 Pyrrolidine – 0.08 Na2O – 0.05 Al2O3 – 1 SiO2 – 20 H2O 

For the synthesis 1.69 g of sodium aluminate and 0.17 g of NaOH were dissolved in 

39.8 g of distilled water. 6.3 g of pyrrolidine were then added and the solution was 

mixed for 30 minutes. Afterwards, 22 g of colloidal silica were added dropwise. After 1 

h of aging under vigorous stirring (500 rpm) the obtained gel was crystallised in a 90 ml 

PTFE-lined stainless steel autoclave using a rumbling oven (tumbling speed = 20 rpm) 

kept at 180 °C for 120 h.  

Nano-sized FER sample (N-FER) was synthesised by using seeds prepared by adopting 

the same condition of M-FER but with the addition of sodium lauryl sulphate (SLS) 

with a SLS/Al2O3 molar ratio equals to 0.3. The same gel composition of M-FER was 

adopted for N-FER but with the addition of 3 wt % of seeds (calculated on silica basis). 

The obtained gel was aged at 80 °C for 48 h under stirring (500 rpm) and the 

crystallised at 160 °C for 60 h.  

Micro-sized MFI-type sample (M-MFI) was prepared by using tetrapropyl ammonium 

bromide (TPABr) as SDA, starting from a gel with the following molar composition: 

0.10 Na2O – 0.08 TPABr – 0.02 Al2O3 – 1 SiO2– 20 H2O 
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Briefly 2.66 g of NaOH, 1.04 g of Al(OH)3 and 7.1 g of TPABr were dissolved in 119.3 

g of distilled water. 20 g of precipitated silica was then added and the resulting gel was 

stirred for 1 h at room temperature before being transferred in a PTFE-lined stainless 

steel autoclave and kept in a static oven at 175 °C for 120 h for crystallization. 

A gel with the same molar composition of M-MFI sample was aged for 96 h at 30 °C 

and then heated at 170 °C for 96 h to obtain nano-sized MFI-type sample (N-MFI). 

After crystallisation, the solids were recovered by filtration, washed several times with 

distilled water, and dried at 105 °C for 8 h. In order to remove organics from the 

structure, the samples were calcined in air flow at 550 °C for 8. The acidic form was 

obtained after two cycles (2 h each at 80 °C) of ion exchange with NH4Cl 1 M solution, 

followed by calcination in air flow at 550 °C for 8 h.  

The crystalline structure of samples was analysed by X-ray powder diffraction (APD 

2000 Pro, GNR analytic instrument, Italy) in the range 5°-50° 2theta range. Crystals 

morphology was observed by scanning electronic microscopy (FEI model Inspect). The 

Si/Al ratio in the solid was measured by atomic absorption spectroscopy (GBC 932). 

Textural properties (e.g. BET surface area, pore volume) were determined by 

adsorption/desorption isotherms of N2 at 77 K (ASAP2020, Micromeritics). Total 

acidity was estimated by ammonia titration by following a procedure discussed 

elsewhere [29]. Catalytic tests were performed in an experimental apparatus equipped 

with a tubular reactor described elsewhere [30], by adopting the following conditions: 

methanol/N2 (molar ratio 0.056/0.944) as feed mixture, WHSV = 4 g·gcat
-1

·h
-1

, 

temperature =120-240 °C, atmospheric pressure. After 20 h Time-on-stream tests at 240 

°C, used catalysts were recovered and carbon deposit was analysed by 
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thermogravimetric analysis and GC-MS technique, with a procedure detailed elsewhere 

[25]. 

 

3. RESULTS AND DISCUSSION 

3.1 Characterization 

Figure 1 reports the XRD patterns of the investigated zeolites which show high 

crystallinity with no impurities. 

 

HERE FIGURE 1 

 

The SEM images of the investigated zeolites are reported in Figure 2. The crystals of 

M-FER sample exhibit a typical plate-like shape with a well-defined [1 0 0] face with 

length around 10 µm, length/width ratio around 2 and thickness around 100 nm [31]. N-

FER sample consists of smaller crystallites with a size around 100 nm. M-MFI sample 

exhibit a prismatic-like crystal shape with a size of about 3x6 µm, typical of Al-

containing MFI zeolites [32]. The SEM image of N-MFI sample clearly shoes the 

beneficial effect of aging on crystal size reduction. In fact, N-MFI samples consists of 

crystals with size around 300 nm. Larger crystals up to 1 µm are also formed.  

 

 HERE FIGURE 2 

 

NH3-TPD profiles of the investigated zeolites are reported in Figure 3. All the samples 

exhibit a similar NH3 evolution profile, with two main desorption bands in the 

temperature range 150-300 °C and 300-600 °C, which indicate the presence of two 
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different families of acid sites, namely weak and strong, respectively. For FER-type 

zeolites a band at temperatures higher than 700 °C is also present, which may be 

associated to dehydroxylation phenomena, as demonstrated elsewhere [33].   

 

HERE FIGURE 3 

 

A summary of the acidic and other physicochemical properties of the investigated 

samples is reported in Table 1. 

 

HERE TABLE 1 

Bulk chemical analysis shows the Si/Al molar ratio in the solid is very similar to that 

adopted during the preparation of synthesis gel. FER-type zeolites exhibit a higher 

acidity than MFI-type zeolites due to the higher aluminium content. Surface area and 

micropore volume are very similar of microporous FER- or MFI-type zeolites.  

 

3.2 Catalytic tests 

The catalytic activity during methanol dehydration was investigated in the temperature 

range 120-240 °C and the measured methanol conversion is reported in Figure 4. The 

thermodynamics equilibrium conversion for methanol dehydration to DME is also 

reported.  

 

HERE FIGURE 4 
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For all the investigated catalysts, higher methanol conversion occurred with increasing 

reaction temperature. N-FER sample exhibited the highest methanol conversion in the 

investigated temperature range. Similar performance was observed for M-FER and N-

MFI, while M-MFI shows the lowest activity. A DME selectivity equals to 1 was 

measured for all the samples in temperature range 120-220 °C. 

At 240 °C, C1-C3 hydrocarbons were detected in the products stream for M-FER, M-

MFI and N-MFI which shows a DME selectivity around 0.96. In order to better clarify 

the effect of crystals dimensions, DME selectivity was also measured at 280 °C. At this 

temperature, DME selectivity was 0.86 over M-FER, 0.98 over N-FER, 0.75 over M-

MFI and 0.94 over N-MFI. These results clearly show that the decrease of residence 

time inside the crystals, induced by the crystal size lowering, reduces the formation of 

by-products, such as light hydrocarbons. In particular, the total C1-C3 hydrocarbons 

yield was about 7% (on carbon basis) for M-MFI sample, and 1.7% for N-MFI sample. 

Data at 280 °C clearly showed the crystal size effect, but this high temperature is not 

suitable for DME synthesis, especially for the one-pot CO2 hydrogenation, as the 

formation of CO by reverse water gas shift and the sintering of metal catalyst particles 

can significantly affect the overall process performances [8].  

In order to assess the acid sites efficiency of investigated samples, DME production rate 

was calculated by taking into account the acid sites concentration measured by NH3-

TPD technique, in the reaction temperature-range 180-240 °C. 

As reported in secondary axis of Figure 4, although the values calculated at 240 °C may 

be affected by thermodynamics constrain, N-MFI sample exhibits the highest DME 

production rate in the investigated temperature range. By comparing samples with the 

same zeolite framework, reaction rate increases as the crystal size decreases, due to the 
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 10 

reduction of mass transfer limitations which lead to an improvement of the catalytic 

crystal efficiency. Therefore, it may be concluded that crystal size reduction strongly 

enhances both the accessibility to acid sites and diffusion rate. As a consequence, DME 

formation rate can be improved accordingly. It is also noteworthy that acidity of M-MFI 

and N-MFI is below 5% (Table 1) and catalytic test are carried out under the same 

WHSV, therefore the observed improvement on activity and productivity on N-MFI 

samples could be directly attributed to the reduced size of the crystal. The same 

consideration cannot be directly done for FER samples as the difference in acidity of N-

FER and M-FER is above 30%, therefore different test conditions were adopted to 

analyse the effect of crystal size for these samples. Data reported in Appendix A 

confirmed, also for FER-type, the positive effect of nanosizing the crystal in terms of 

catalyst performances. 

The apparent activation energy values were calculated by Arrhenius plot of the 

conversion data obtained in the temperature range 120-160 °C (see Appendix A). The 

obtained values are 78 kJ/mol for M-FER, 46 kJ/mol for N-FER, 97 kJ/mol for M-MFI 

and 73 kJ/mol for N-MFI. The results indicate that apparent activation energy decreases 

with crystal size, which may be a consequence of the lowering of activation energy, 

related to configurational/activated diffusion. 

The catalysts effectiveness factor (η) has been evaluated also in a simplified form, to 

elucidate the role of intra-particle mass diffusion limitation according to a literature 

procedure [34] and details about calculation are reported in Appendix A. Whatever the 

structure adopted, data indicates that catalyst effectiveness approaches the unity for 

nanosized catalysts due to the reduction in transfer limitation. On the contrary, micro-

sized samples exhibited an effectiveness lower of about one order of magnitude, 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 11 

indicating the presence of a significant resistance to diffusion over the tested 

temperature interval, mainly due to the larger crystal size. 

Catalyst stability was studied by time-on-stream tests at 240 °C for 20 h. As reported in 

Table 2, all the investigated catalysts exhibit a high stability in terms of methanol 

conversion.  

 

HERE TABLE 2 

 

N-FER sample is confirmed as the most selective catalyst with a DME selectivity stable 

at 0.99. N-MFI and M-FER shows similar DME selectivity, while a slight reduction in 

DME selectivity for M-MFI sample observed over time.  

After time-on-stream tests, the reactor was purged with nitrogen and the used catalyst 

was then recovered and analysed to obtain insights about coke deposition. In Table 2 

the amount of coke deposited measured by TGA of used catalyst after 20 h time-on-

stream is reported. Micro-sized samples exhibit a tendency to form coke significantly 

higher than nano-sized samples. During methanol dehydration reaction, coke is formed 

by oligomerization and cyclization reactions from light olefins to alkyl aromatics, both 

routes catalysed by strong acid sites. The superiority of nanosized zeolites may be 

reasonably related to the enhanced diffusional rate of both reactants and intermediates 

that retard the formation of coke. On the whole, N-MFI sample shows the lower amount 

of carbon deposit after time-on-stream. However, a deeper investigation about the 

location of coke would be useful to fully understand the role of crystal size on coke 

formation and deposition. From extraction procedure of deposited coke, no insoluble 
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coke was observed, suggesting that all the carbonaceous deposit can be referred as 

“soluble coke” [35].  

The GC-MS spectra of extracted coke are reported in Figure 5. 

 

HERE FIGURE 5 

 

The analysis of mass spectra indicates the presence of poly-substituted alkyl aromatics 

in all the investigated samples. In particular, coke consists mainly of tetra-methyl 

benzene for FER-type zeolites, while penta- and hexa-methyl benzene molecules were 

also found over MFI-type zeolites. In particular, hexa-methyl benzene seems to be the 

most abundant specie over M-MFI, while tetra-methyl benzene is the most abundant 

specie over N-MFI. Such differences, which should be confirmed for longer period of 

reaction, may be also related to the crystal size. However, the formation of penta- and 

hexa-methyl benzene seems to be specific of MFI-type framework.  

 

 

4. CONCLUSIONS 

FER- and MFI-type zeolites are recognised as stable catalysts for DME synthesis. In 

this work, the role of crystal size of these zeolites on catalysis of methanol dehydration 

to DME reaction in the temperature range 180-240 °C was studied. The obtained results 

indicate that crystal size plays a crucial role in terms of DME production rate, DME 

selectivity and coke deposition. Nano-sized crystals exhibit superior performances than 

micro-sized crystals. In particular, nano-sized MFI shows a similar DME selectivity 

(>0.96) and conversion of micro-sized FER, but with a higher DME production rate and 
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a lower coke deposition. On the other hand, nano-sized FER shows the highest DME 

selectivity (>0.99). On the whole, zeolites may be considered as nano-scale reactor: by 

controlling the residence time is possible to have a control on products distribution in 

the case of consecutive reactions. Furthermore, the enhancing of diffusion rate by 

reduction of crystal size improves the efficiency of acid sites.   
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TABLES CAPTIONS 

Table 1 – Summary of physicochemical properties of the investigated zeolites 

Table 2 – Methanol conversion, DME selectivity and carbon deposit during time-on-

stream tests. WHSV: 4 h
-1

, Temperature: 240 °C.  

 

FIGURES CAPTIONS 

Figure 1 – XRD patterns of investigated zeolites 

Figure 2 – SEM images of the investigated zeolites 

Figure 3 – NH3-TPD profiles of the investigated zeolites 

Figure 4 – Methanol conversion (closed symbols) and DME production rate (open 

symbols) as a function of reaction temperature, WHSV: 4 h
-1

.  

Figure 5 – GC-MS spectra of carbon deposit extracted from soluble coke of studied 

samples after 20 h reaction at 240 °C, WHSV: 4 h
-1

. MB: methyl benzene.  
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Table 1 

 

 

 

  

 

 
SAMPLE 

Average crystal size 

(µm) 

Si/Al
a 

(mol/mol) 

Acidity
 

(µmol/g) 

SBET
c 

(m
2
/g) 

Vmic
d 

(cm
3
/g) 

Weak
b 

Strong
b 

M-FER 5x10 11 326 761 332 0.13 

N-FER 0.1 11 274 523 304 0.12 

M-MFI 3x6 27 218 343 386 0.13 

N-MFI 0.3 23 281 300 371 0.12 

a
 Determined by atomic absorption. 

b
 From NH3-TPD profiles: weak determined from ammonia desorption in the range 100-300 °C, strong determined from ammonia 

desorption above 300 °C, excluding dehydroxilation band. 

c
 BET specific surface area 

d 
Micropore volume calculated by t-plot method 
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Table 2 

 

SAMPLE 
Methanol Conversion [-] DME Selectivity [-] Carbon deposit 

after 15 min after 1200 min after 15 min after 1200 min [mg/g] 

M-FER 0.81 0.81 0.96 0.96 61 

N-FER 0.85 0.84 0.99 0.99 41 

M-MFI 0.82 0.79 0.95 0.92 58 

N-MFI 0.81 0.80 0.96 0.96 36 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 

Highlights 

 MFI- and FER-zeolites with different crystal size were synthesised. 

 The effect of crystal size on methanol-to-DME reaction was studied. 

 The reduction of crystal size improves DME production rate. 

 The reduction of crystal size delays coke formation. 

 Nano-sized MFI shows promising catalytic performances. 
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