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a b s t r a c t 

In this paper, the effect of acidity of zeolites with FER framework was studied in the methanol dehy- 

dration to dimethyl ether reaction, by comparing catalysts with different Si/Al ratio (namely 8, 30 and 

60). The aim of this work was to investigate how the acid sites concentration, strength, distribution and 

typology (Brønsted and Lewis) affect methanol conversion, DME selectivity and coke formation. It was 

found that the aluminium content affects slightly acid sites strength whilst a relevant effect on acid sites 

concentration and distribution (Brønsted /Lewis) was observed as 24% of Lewis sites were found on Al- 

richest samples, whilst less than 10% of Lewis acid sites were observed on FER at higher Si/Al ratio. All 

the investigated catalyst samples showed a selectivity toward DME always greater than 0.9 and sam- 

ples with the lowest Si/Al exhibits the best performances in terms of methanol conversion, approaching 

the theoretical equilibrium value (around 0.85) at temperature below 200 °C. Turnover-frequency analysis 

suggests that this result seems to be related not only to the higher amount of acid sites but also that 

the presence of Lewis acid sites may play a significant role in converting methanol. On the other hand, 

the presence of Lewis acid sites, combined with a high acidity, promotes the formation of by-products 

(mainly methane) and coke deposition during the reaction. As final evidence, all the investigated catalysts 

exhibit very high resistance to deactivation by coke deposition, over 60 h continuous test, and a GC–MS 

analysis of the coke deposited on the catalyst surface reveals tetra-methyl benzene as main component. 

© 2016 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published 

by Elsevier B.V. and Science Press. All rights reserved. 

1. Introduction 1 

Dimethyl ether (DME) has represented a reliable alternative fuel 2 

for Diesel engines since decades and, more recently, this com- 3 

pound is receiving a renewed attention also as intermediate for 4 

olefins production [1–6] . Together with many other technologies 5 

this application can contribute to reduce the CO 2 footprint, miti- 6 

gating the environmental impact of fossil fuels [7–9] . Apart from 7 

classic liquid phase production process via methanol dehydration 8 

[10–12] , new promising direct gas-phase routes have been pro- 9 

posed, starting from either syngas mixture or via-carbon dioxide 10 

hydrogenation [13–15] . 11 

Whatever the route, the acid-catalysed step of methanol dehy- 12 

dration: 13 

2CH 3 OH 

= CH 3 OCH 3 + H 2 O �H °= –23.54 kJ/mol 

plays a key role in catalyst durability, DME productivity and pro- 14 

duction costs. Therefore, in view of economically sustainable large- 15 
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scale gas-phase DME production, low temperature activity, perfor- 16 

mances and stability are essential factors to consider when devel- 17 

oping a reliable catalyst for this step. γ -Al 2 O 3 traditionally plays 18 

acid function for direct conversion of methanol to dimethyl ether, 19 

but it was also considered as first option co-catalyst for the direct 20 

route from syngas coupled with redox catalyst (e.g. Cu/ZnO/Al 2 O 3 ), 21 

promoting the alcohol formation via-CO/CO 2 hydrogenation. At re- 22 

action temperature traditionally adopted for both direct and indi- 23 

rect routes for (up to 300 °C), γ -Al 2 O 3 offers high selectivity to- 24 

wards DME and, due its low acidity, it also inhibits olefins for- 25 

mation [16–18] . Despite this unchallengeable advantage, this cat- 26 

alyst requires relatively high temperatures and it is rapidly de- 27 

activated by strong water adsorption as demonstrated by several 28 

studies [10,19–24] . As already mentioned some interesting studies 29 

were recently carried out on the gas phase process, replacing CO 30 

with CO 2 during direct route, adding more value to DME as “green 31 

chemical” because of the CO 2 footprint reduction [25–27] . In this 32 

process, the revers water gas shift reaction significantly increases 33 

the amount of produced water and a stable acid function is even 34 

more necessary to prevent acid sites deactivation by water adsorp- 35 

tion. In this concern, zeolites (manly MFI) were proposed as alter- 36 

native catalyst to γ -Al 2 O 3 , exhibiting both higher activity (even at 37 
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low reaction temperature) and higher resistance to water adsorp- 38 

tion in both direct and indirect DME routes [28–31] . Specific at- 39 

tention was paid to the control of acid properties, in the view of 40 

maximising the DME yield [32–34] . In fact, methanol can be easily 41 

converted into different hydrocarbons (Methanol-To-Hydrocarbons 42 

- MTH), such as in the well-known UOP-Norsk Hydro process, pro- 43 

ducing olefins using SAPO-34 as catalyst [35] and DME is usually 44 

an intermediate also in the case of alternative technologies [36–45 

40] . Different zeolites structures (MFI, BEA , CHA , TON) are well- 46 

known catalysts for MTH since textural properties of zeolites might 47 

significantly address the catalytic activity [41–43] . Therefore both 48 

acidity and structure of these microporous crystalline solids need 49 

be carefully tuned in order to mitigate or inhibit undesired hy- 50 

drocarbon formation, maximising the DME yield. Recently, differ- 51 

ent zeolites have been tested to convert methanol in DME and it 52 

has been shown that, due to its high shape-selectivity, FER struc- 53 

ture (2-dimensional, 8 ×10 MR) is an effective catalyst this reac- 54 

tion because FER exhibiting high selectivity and resistance to coke 55 

formation, compared with other zeolite structures [44,45] . Also in 56 

direct gas-phase route (mainly via-CO 2 hydrogenation), FER type 57 

zeolite was confirmed as reliable candidate for the acid functional- 58 

ity, whatever it is the hybrid catalyst preparation method [45,46] . 59 

Moreover, also acid sites concentration and strength are parame- 60 

ters to be tuned when adopting zeolites as catalysts in this reac- 61 

tion. Several studies report investigations over MFI zeolites with 62 

different acid sites concentration (e.g. different Si/Al ratio), show- 63 

ing that acidity affects strongly catalyst performances and suggest- 64 

ing catalysts with low acidity as suitable for high-selective DME 65 

production [47–49] . In addition, it was also demonstrated that 66 

strength, type and location of acid sites significantly affect prod- 67 

ucts distribution [50] . 68 

Referring to FER zeolite, despite encouraging catalytic perfor- 69 

mances, the literature does not fully cover the effect of acid sites 70 

concentration, type and strength on catalytic performances of this 71 

structure on DME synthesis. In this concern, this work presents re- 72 

sults of catalytic performances of FER structure at different alu- 73 

minium content obtained by varying the Si/Al ratio during the 74 

hydrothermal synthesis. Zeolites with different amount, distribu- 75 

tion and typology (Brønsted/Lewis) of acid sites were characterised 76 

via NH 3 -TPD and FT-IR measurements. Furthermore, the effect of 77 

acid properties on catalytic performances was investigated during 78 

methanol dehydration reaction step in a temperature range 160–79 

280 °C. A quanti/qualitative analysis of coke deposited on catalyst 80 

surface was also carried out by thermo-gravimetric measurements 81 

and GC–MS technique, in order to study also the effect of acidity 82 

on carbon deposit composition and formation mechanism. 83 

2. Experimental 84 

2.1. Catalyst synthesis 85 

Zeolite catalysts with FER structure and different Si/Al ratio in 86 

the gel (8, 30 and 60) were synthesised in hydrothermal condition 87 

by starting from an alkaline synthesis gel. Sample with Si/Al = 8 88 

(FER8) was synthesised by adopting the procedure suggested by 89 

Chen et al. [51] . Sample with Si/Al = 30 (FER30) was synthesised 90 

by following the procedure suggested by Kamimura et al. [52] , us- 91 

ing pyridine as structure directing agent. Synthesis of sample with 92 

Si/Al = 60 (FER60) was performed by slightly modifying the gel 93 

composition and procedure reported for the synthesis of FER ze- 94 

olite with a Si/Al = 75 [52] . In order to guarantee a Si/Al = 60 ratio 95 

in the starting gel, the composition was established as it follows: 96 

0.0575 Na 2 O – 2 pyridine – 0.0083 Al 2 O 3 – 1 SiO 2 – 25 H 2 O 

The crystallization was carried out in a PTFE-lined stainless 97 

steel autoclaves at 165 °C for 96 h in tumbling conditions (20 rpm). 98 

The following chemicals were used for the synthesis of investi- 99 

gated materials: for synthesis of FER8, colloidal silica Ludox AS- 100 

40 (SiO 2 , 40% suspension in H 2 O, Aldrich) and pyrrolidine (99%, 101 

Aldrich) were used as silica source and template, respectively, 102 

whilst for synthesis of samples FER30 and FER60, silica fumed 103 

(surface area 200 ± 25 m 

2 /g, Aldrich) and pyridine (VWR, AnalaR 104 

NORMAPUR) were adopted. In all the proposed syntheses, sodium 105 

aluminate (Al 2 O 3 : 50–56%, Na 2 O: 40–45%, Aldrich) and sodium hy- 106 

droxide (ACS reagent, ≥ 99% pellets, Aldrich) were used as alu- 107 

minium and alkali sources, respectively. After crystallization, the 108 

solid phase was recovered by filtration, washed with distilled wa- 109 

ter and dried at 105 °C for 8 h. After removing of organic tem- 110 

plate from the structure by calcination in airflow (20 mL min 

−1 ) at 111 

550 °C, the acid active forms were obtained by ion-exchange with 112 

ammonium chloride solution followed by a secondary calcination 113 

[48] . 114 

2.2. Catalyst characterization 115 

X-ray powder diffraction spectroscopy (APD 20 0 0 Pro) and 116 

scanning electron microscopy (FEI model Inspect) were respec- 117 

tively used to evaluate crystallinity and morphology of obtained 118 

phases, whilst the Si/Al ratio in the solid was measured by atomic 119 

absorption (GBC 932 AA). The BET area and the t -plot microp- 120 

ores volume were calculated from porosimetry data (ASAP 2020 121 

Micromeritics) under nitrogen adsorption at −196 °C, after a pre- 122 

treatment in vacuum at 200 °C for 12 h. 123 

Acid sites concentration was measured by NH 3 -TPD analysis 124 

(TPDRO1100, ThermoFisher) [45] . The analysis of the acid sites 125 

strength was carried out by evaluating the ammonia desorption- 126 

heat ( Q des , NH3 ) evaluated by carrying out test of ammonia des- 127 

orption at different temperature ramp ( r ) taking into account the 128 

shift of the temperature peaks ( T M 

) during desorption. By plot- 129 

ting ln (T M 

2 / r) versus 1/ T M 

a linear correlation is usually obtained 130 

and the calculated slope can be related to the ammonia desorp- 131 

tion energy [53] . The higher is the value of Q des , NH3 for any peak, 132 

the stronger are the acid sites. In this work, thermal ramps of 133 

10 °C min 

−1 , 20 °C min 

−1 and 30 °C min 

−1 have been adopted to 134 

perform the desorption-heat analysis. 135 

Brønsted and Lewis acid sites concentration was estimated via 136 

FT-IR analysis, by using D 3 -acetonitrile as probe molecule. Infrared 137 

spectra were recorded with a Bruker Equinox 55 spectrometer. 138 

The adsorption of D 3 -acetonitrile was performed at room temper- 139 

ature with a pressure of 10 Torr, thereafter samples were degased 140 

under high vacuum condition (cell pressure: 10 −6 Torr) at 300 °C 141 

for 4 h, in order to purge adsorbed water. Physisorbed acetoni- 142 

trile was removed by further degassing until the vacuum condition 143 

was recovered. The amount of D 3 -acetontrile adsorbed on Brønsted 144 

and Lewis was determined by using a molar absorption coefficient 145 

from the literature [54] . The number of Brønsted sites was calcu- 146 

lated from the integrated area of the bands observed at 2297 cm 

−1 147 

by adopting an extinction coefficient of 2.05 cm/μmol, whilst the 148 

number of Lewis acid sites was calculated by integrated area of 149 

the bands between 2310 and 2325 cm 

−1 by adopting an extinction 150 

factor of 3.6 cm/μmol. Peaks analysis and deconvolution for either 151 

NH 3 -TPD or FT -IR profiles were performed by using a commercial 152 

software (PeakFit 4.12, Seasolve −USA). 153 

2.3. Catalytic tests 154 

Catalytic tests were performed using an experimental apparatus 155 

described elsewhere [45,55] . A mixture of methanol (0.06 mol/mol) 156 

and nitrogen as a carrier (60 Nml min 

−1 ) was fed in a quartz Q4 
157 

reactor where 70 mg of catalyst was loaded in pellets form 158 
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