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 The production of DME from CO2 hydrogenation is a way of recycling CO2 and it requires 

the use of a hybrid multifunctional catalyst to efficiently catalyze the two consecutive 

reaction paths of methanol synthesis and methanol dehydration directly in one single step. 

The aim of this work is to investigate the utilization of zeolite-based catalysts for dimethyl 

ether synthesis by assessing the role of catalyst features in both methanol dehydration and 

one-pot CO2 hydrogenation.  

Obtained results, discussed in terms of turnover frequency reveal that FER-type zeolite 

prepared with Si/Al=10 exhibits the best performances during vapor-phase methanol 

dehydration whilst the efficiency of CO2-to-DME process strongly depends on the way in 

which metallic and acidic materials are coupled. Single grain prepared via gel-oxalate 

precipitation of CuZnZr over zeolite crystals exhibit the best performances in terms of CO2 

conversion and DME productivity.   
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1. INTRODUCTION 

 

The utilization of CO2 as carbon source represents a reliable 

strategy to recycle “environmentally unfriendly” compounds 

in the production chain of chemicals currently produced from 

fossil carbon source [1-2]. 

In this concern, the production of dimethyl ether (DME) via 

CO2 hydrogenation permits to obtain an alternative and 

sustainable Diesel fuel [3-5].  

Actually DME is produced from fossil-derived syngas, 

through two gas-phase routes according to the indirect or 

direct synthesis path. In the indirect route, methanol (MeOH) 

is synthesized by CO hydrogenation over conventional 

Cu/ZnO/Al2O3 catalysts and then dehydrated to DME over an 

acid catalyst in a separate reactor. In the direct route, DME is 

synthesized from syngas in “one pot” over a bi-functional 

catalyst under process conditions close to those of methanol 

synthesis (240–280 °C, 3–7 MPa) [6-8]. 

The “one-step” route is more efficient than the “double-step” 

route, mainly because of thermodynamic advantages related to 

the equilibrium shift of simultaneous reactions (methanol 

dehydration to DME promotes the syngas conversion) and for 

a lower overall process cost. In addition, valorization and 

reusing of carbon dioxide is an important challenge in order to 

mitigate the growing global warming due to greenhouse gas 

emission [9-10]. On this account, more and more attention is 

receiving the synthesis of DME by total or partial replacement 

of CO with CO2 [11-16]. 

In the one-pot CO2 hydrogenation process, the DME 

synthesis net reaction is given by the following reaction: 

2CO2 + 6 H2 = CH3OCH3 + 3 H2O 

 

involving the following consecutive steps: 

 

CO2 + 3 H2 = CH3OH+ H2O 

 

2CH3OH = CH3OCH3 +H2O 

 

DME synthesis reaction is an exothermic reaction that 

releases about 122 kJ of heat for each DME mol produced. For 

this reason, from a thermodynamic point of view, a decrease 

in reaction temperature should favor the synthesis of DME.  

Furthermore, high pressure also should favor DME 

production since the reaction occurs with a reduction of total 

moles. Nevertheless, CO2 is not a highly reactive molecule and 

temperatures above 240 °C are usually requested for 

facilitating CO2 activation rate. High reaction temperature 

favors endothermic side reactions such as reverse water gas 

shift: 

 

CO2+ H2 = CO + H2O 

 

Furthermore, hydrocarbons and coke may be formed during 

such process. Therefore, highly active and selective catalyst is 

required to avoid the formation of undesired by-product. 

Anyhow, irrespective of the process applied for the DME 

synthesis, it has been demonstrated that the properties of the 

acid matrix significantly affect selectivity and durability of bi-

functional catalyst as well as the overall process efficiency, 

being controlled by the dehydration step [17-18].  

TECNICA ITALIANA-Italian Journal of Engineering Science 
Vol. 63, No. 2-4, June, 2019, pp. 257-262 

 

Journal homepage: http://iieta.org/Journals/TI-IJES 
 

257



 

Several studies have been carried out using γ-Al2O3 as acid 

catalyst reporting high selectivity towards DME formation in 

the temperature range 200–300 °C, but also rapid deactivation 

by water adsorption on Lewis acid sites, especially during the 

direct synthesis via CO2 hydrogenation where a lot amount of 

water is formed from both methanol dehydration and reverse-

water-gas-shift reaction [19]. So, a more hydrophobic acid 

catalyst is suggested to be used in this gas-to-liquid reaction. 

As alternative to γ-Al2O3, zeolites have been also investigated 

revealing a better stability to water and higher methanol 

conversion [20-24]. 

Activity, selectivity and stability of zeolites applied in acid-

catalyzed reactions are recognized to depend upon several 

factors as zeolite structure, acidity and crystal size. Zeolite 

channel system (channel orientation and opening size) is a 

well-known factor affecting strongly products distribution and 

catalyst deactivation [25-27]. 

Acid sites concentration and density, typology (Brønsted 

and Lewis), strength and location are also important 

parameters to tune carefully when zeolites are applied in 

catalysis [28-29].  

Furthermore, catalyst resistance to deactivation as well as 

catalyst effectiveness can be improved by changing size and 

morphology of zeolite crystals. In particular, application of 

nano-sized or hierarchical zeolite crystals permits to reduce 

coke formation and enhance diffusion of reactant species 

improving catalyst performances [30-31]. 

Therefore, the ability of a zeolite to offer chemical-physical 

properties control in both in situ and post-synthesis treatments 

is of considerable importance for industrial applications.  

FER-type and MFI-type structure disclosed reliable shape-

selectivity towards DME synthesis although more details 

about the role of acid sites should be better elucidate [32-33]. 

In this paper, a step by step optimization of the catalyst for 

DME synthesis is reported. The effect of zeolite structure and 

acidity on methanol dehydration reaction step is assessed by 

comparing catalytic performances of FER- and MFI-type 

zeolites with different acidity. Once the best catalyst for 

methanol dehydration has been identified, the metal/acidic 

multifunctional catalytic bed configuration was optimized 

aiming to obtain high DME productivity during one-pot CO2-

to-DME process. 

 

 

2. MATERIALS AND METHODS 

 

In order to investigate the effect of zeolite features on the 

DME synthesis, FER-type and MFI-type zeolites with 

different acidity were synthesized by varying the Si/Al ratio, 

from 10 to 60. In particular MFI-type zeolites with different 

acidity level were prepared using tetrapropyl ammonium 

bromide (TPABr) as structure directing agent (SDA) by 

starting from a gel with the following molar composition: 

 

10 Na2O – 8 TPABr – 100 SiO2 – x Al2O3 – 2000 H2O 

 

where x=1, 2 and 3.3 according to the expected Si/Al molar 

ratio of 15, 25 and 50, respectively. 

The crystallization was carried out in a Teflon-lined 

stainless steel autoclave kept at 175 °C for 5, 4 and 2 days for 

sample prepared with Si/Al equals to 15, 25 and 50, 

respectively. Details on the reactants and procedure are 

reported elsewhere [34].  

Pyrrolidine was used as SDA for synthesizing FER-type 

zeolite with Si/Al=10, whilst pyridine was used for FER30 and 

FER 60 by adopting the following synthesis molar gel 

composition, respectively: 

 

8Na2O – 60Pyridine – 100 SiO2 – 5 Al2O3 – 2000 H2O 

 

9 Na2O – 60 Pyrrolidine – 100 SiO2 – 1.7 Al2O3 – 2500 H2O 

 

9 Na2O – 60 Pyrrolidine – 100 SiO2 – 0.8 Al2O3 – 2500 H2O 

 

Crystallization was carried in a Teflon-lined stainless steel 

autoclave rotated with a speed of 20 rpm and kept at 175 °C 

for 3 days for FER (10) and at 165 °C for 5 days for FER (30) 

and FER (60). 

All the crystallized samples were separated from mother 

liquor by vacuum filtration and washed with distilled water 

until neutral pH of filtrate was obtained. The solid was dried 

at 80 °C for 8 h and calcined at 550 °C in air flow with the aim 

to remove organic molecules. H-form sample was obtained via 

exchange with NH4Cl solution and calcined again at 550 °C in 

order to eliminate ammonia and to obtain catalyst in acid-form. 

The obtained H-catalysts were directly used for dimethyl ether 

synthesis via vapour-phase methanol dehydration. 

Multifunctional catalysts for one-pot CO2-to-DME process 

were prepared via gel oxalate co-precipitation of CuZnZr 

nitrate (60/30/10 at.%) in ethanol solutions over H-form 

zeolite crystals aiming to obtain a hybrid single grain (SG) 

with CZZ/zeolite with a weight ratio of 1:1. More details about 

the adopted procedure are reported elsewhere [35]. 

Furthermore, “homogenous” physical mixtures (PM) 

constituted by a pre-synthesized CZZ catalyst and a selected 

zeolite with a weight ratio of 1:1 were also realized.  

All of investigated samples were characterized via XRD 

with APD 2000 Pro diffractometer with a Cu Kα radiation (40 

kV, 30 mA) in the range 2 theta=5°-50°. The morphology of 

investigated catalysts was evaluated with both scanning and 

transmission electron microscopy (SEM – FEI model Inspect, 

TEM- Philips CM12). Textural properties (e.g. total surface 

area, micropore volume) were estimated by performing N2 

adsorption/desorption isotherms at 77 K with ASAP 2020 

(Micromeritics) instrument. Both NH3-TPD and H2-TPR 

analyses were performed according to already published 

procedures [35]. 

Vapor-phase methanol dehydration was carried out over H-

form zeolites in the temperature range 140-200 °C with a 

methanol weight hourly space velocity (WHSV) of 4.5 gMeOHh-

1 gcat
-1, in a lab-scale apparatus described elsewhere [34]. 

Before each catalytic test, the reactor was purged with nitrogen 

at 240 °C in order to remove moisture from the catalyst. The 

catalytic activity of investigated hybrid catalysts during one-

pot CO2-to-DME hydrogenation reaction was investigated in 

a fixed-bed reactor at 260 °C and total pressure of 3.0 MPa 

with a gas hourly space velocity (GHSV) of 8,800 NL/h/gcat by 

feeding a mixture with a CO2/H2/N2=3/9/1 molar ratio. Prior 

to each test, the catalyst was reduced in situ at 300 °C for 1h 

under hydrogen flow at atmospheric pressure. For both the 

processes, reactor stream was analyzed by GC equipped with 

flame ionized detector (FID) and a thermal conductivity 

detector (TCD).   

 

 

 

 

258



 

3. RESULTS AND DISCUSSION 

 

3.1 Characterization 

 

XRD patterns of synthesized zeolites reported in Figure 1 

show that both FER-and MFI-type zeolites were obtained with 

high purity and crystallinity, regardless of aluminum content. 

After metal co-precipitation no change on both crystallinity 

and purity was observed.  

 

 
 

Figure 1. XRD of investigated zeolites 

 

Table 1. Textural properties of investigated materials 

 

Sample 
Surface area1 

(m2/g) 

Micropore 

volume2 

(cm3/g) 

dCu
3 

(nm) 

FER (10) 332 0.126 - 

CZZ/FER (10) 217 0.052 4 

FER (30) 272 0.108 - 

FER (60) 275 0.110 - 

MFI (15) 365 0.098 - 

MFI (25) 360 0.118 - 

MFI (50) 350 0.110 - 

CZZ 162 - 11 

1. Determined by Brunauer-Emmett-Teller equation 

2. Determined by t-plot model 

3. Cu average particle size determined by N2O 

chemisorption  

 

Table 2. Acidity properties of investigated materials 

 

Sample 

Total 

acidity1 

(µmol/g) 

Weak acid 

sites2 

(µmol/g) 

Strong acid 

sites3 

(µmol/g) 

FER (10) 790 277 513 

CZZ/FER (10) 500 140 360 

FER (30) 480 67 413 

FER (60) 330 36 294 

MFI (15) 602 271 331 

MFI (25) 515 216 299 

MFI (50) 354 159 195 
1. Determined from desorbed NH3in the temperature range 100-700 °C 
2. Determined from desorbed NH3in the temperature range 100-300 °C 

3. Determined from desorbed NH3in the temperature range 300-700 °C 

 

The main textural properties of the investigated materials 

are reported in Table 1. Both total surface area and micropore 

volume of bare zeolites are in agreement with the value 

reported in literature for similar materials. After co-

precipitation of metals, both surface are and micropore volume 

are strongly reduced, probably due to a partial pore blocking 

of zeolites due to the presence of CuCnZr particles. N2O 

measurements indicate that smaller copper particles are 

present on FER-type zeolite suggesting that there is some 

effect of the presence of zeolite on copper dispersion.  

Table 2 reports the acidity of investigated samples. 

Considering bare zeolites, total acidity increases accordingly 

with aluminium content. Furthermore, MFI-type zeolites 

disclose a similar fraction of weak (about 45 %) and strong 

sites (about 55 %). Similar distribution was observed for FER 

(10). On the contrary, both FER (30) and FER (60) disclose a 

higher fraction of strong acid sites (more than 85 %). FT-IR 

analysis (not shown) carried out with both carbon monoxide 

and D3-acetonitrile reveals that only FER (10) possesses Lewis 

acid sites with a Lewis/Brønsted ratio equals to 0.33, whilst 

mainly Brønsted acid sites are present on the other FER-and 

MFI-type samples.   

 

3.2 Catalytic tests 

 

(1) Methanol-to-DME 

Methanol conversion as a function of reaction temperature 

for all of investigated zeolites is reported in Figure 2. In the 

entire range of temperature only DME was observed with no 

formation of by-products.  

 

 
 

Figure 2. Methanol conversion as a function of reaction 

temperature for the investigated H-zeolites 

 

Results indicate that catalytic activity during methanol 

dehydration to DME reaction strongly depends on the acidity 

of zeolite. In fact, methanol conversion follows the order FER 

(10)>FER (30)>FER (60) for FER-type zeolites and MFI 

(15)>MFI (25)>MFI (50) for MFI-type zeolites. On the whole, 

FER (10) zeolite discloses the highest activity, approaching to 

the theoretical equilibrium value at the 200 °C, in agreement 

with the highest value of acidity. On the other hand, although 

MFI(15) possesses a higher concentration of total acid sites, it 

shows a lower activity than FER(30) especially at low 

temperature. Similar behavior is also disclosed for FER (60) 

and MFI (50) samples. A different trend is observed at 

temperature higher than 180 °C as both MFI (15) and MFI (50) 

exhibit a higher activity than FER (30) and FER (60), 

respectively. 

Such behavior may be related to weak/strong acid sites 

distribution. In fact, the activity order seems to follow strong 

acid sites concentration at lower temperature and total acid 

sites concentrations at higher temperature. In fact, it is 

reasonable to conclude that only strong acid sites are active at 

lower temperature, whilst weak acid sites became able to 

catalyze the dehydration of methanol at temperature above or 
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equals to 180 °C. At this temperature turnover frequency may 

be then calculated and results are reported in Table 3. Turnover 

frequency follows the order  

FER (10)>FER (30)>MFI (15)>MFI (50)>MFI (25)>FER 

(60) 

revealing that FER (10) and MFI (15) are the most efficient 

catalysts among the FER-type and MFI-type zeolites, 

respectively.  

Table 3 reports also the apparent activation energies (Eapp) 

for the investigated catalysts, indicating that the activation 

barrier is always lower for FER-type materials and it decreases 

as the total acidity increases.    

 

Table 3. Turnover frequency and apparent activation energy 

of investigated zeolites for methanol-to-DME reaction 

 

Sample 

Turnover frequency 

 at 180 °C 

(molDME/molH+/h) 

Apparent  

activation energy  

(kJ/mol) 

FER (10) 69 38 

FER (30) 58 45 

FER (60) 41 47 

MFI (15) 46 58 

MFI (25) 43 62 

MFI (50) 44 78 

 

(2) CO2-to-DME 

As reported in the previous paragraph, FER (10) may be 

considered as the most active catalyst for methanol 

dehydration reaction step, among the investigated FER-type 

and MFI-type zeolites, respectively. Therefore, one-pot CO2-

to-DME reaction was carried out at 260 °C and 30 bar by using 

FER (10) as acid catalyst in three different multifunctional 

catalytic bed configurations: CZZ-FER (10) dual bed (DB), 

physical mixture (PM) and hybrid single grain (SG). Figure 3 

reports the results of catalytic tests under one-pot CO2 

hydrogenation to DME conditions. 

CO2 conversion is about 18 % for DB system, and it 

increases at 20 and 22 % for PM and SG systems, respectively. 

Catalytic tests carried out over CZZ reveal a similar CO2 

conversion and CO selectivity observed for DB system, 

suggesting that no significant catalytic improvement is 

obtained when a dual bed is used.   

Moreover, reactor bed configuration also strongly affects 

product distribution.   

 

 
 

Figure 3. CO2 conversion and selectivity towards DME 

(SDME), CO (SCO) and methanol (SMeOH) for the investigated 

CZZ/FER(10)-DB, -PM and -SG systems and CZZ catalyst 

(TR: 260 °C, PR: 30 bar, GHSV: 8800 NL/h/gcat) 

DME selectivity is lower for dual bed reactor that exhibits 

a DME selectivity of 25 %, meaning that only 5 % of carbon 

is converted into dimethyl ether. DME selectivity is increased 

up to 35 % when both CZZ and FER (10) powders are 

“homogenously” mixed.   

When hybrid single grain is used, catalytic performances 

are further improved, leading to a DME selectivity of 40 %, 

meaning that more than 10 % of carbon is converted towards 

the desired product. Such result clearly shows that the 

efficiency of catalytic bed strongly depends on the possibility 

to have an intimate cooperation between metallic and acid sites. 

In that sense, hybrid single grain system should facilitate mass 

transfer phenomena, so promoting a more rapid dehydration of 

methanol towards dimethyl ether on neighbouring sites, and 

bring out the thermodynamic advantages of one-pot process. 

On the whole, the space-time yield calculated for the 

investigated system was 732, 640 and 395 gDME/h/kgcat for SG, 

PM and DB systems, respectively, again highlighting the 

crucial role of metal-acid proximity in the synthesis of 

dimethyl ether.   

 

 

4. CONCLUSIONS 

 

In this work, FER-type and MFI-type zeolites characterized 

by different structure and acidity were used as catalysts for the 

vapor-phase dehydration of methanol into dimethyl ether. A 

Si/Al ratio as low as 10 in the FER-type zeolites allowed to 

obtain the best performance, showing a DME turnover 

frequency of 69 molDME/molH+/h. Among MFI-type zeolites, 

crystals synthesized with a Si/Al=15 disclose the highest 

catalytic activity. FER (10) zeolite was then used as acid 

catalyst for one-pot CO2 hydrogenation to DME coupled with 

CuZnZr (CZZ) metallic system. Among several catalytic bed 

configurations assessed (i.e. dual bed, physical mixture and 

hybrid single grain), the dual bed reactor resulted to be the less 

effective configuration, whilst hybrid single grain prepared via 

gel-oxalate co-precipitation of metal precursors over zeolite 

crystals exhibited significant better catalytic performance, 

with a DME productivity of 732gDME/h/kgcat, almost doubled 

than that obtained with double bed configuration. 
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