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Methanol (MeOH) dehydration for Dimethyl ether (DME) production is one of the possible pathways to
produce a green, synthetic fuel that can substitute fossil/conventional ones in automotive/transportation
applications. DME synthesis in gas phase usually occurs in presence of an acid catalyst at moderate
temperature (up to 250 °C). This work deals with the use of MFI-type zeolitic catalysts. H form and desilicated
zeolite samples were synthesized, characterized, and tested to investigate their catalytic activity in MeOH
dehydration reaction. Ammonia temperature-programmed desorption (NH3-TPD) and Fourier-transform
Infrared spectroscopy (FT-IR) analyses were carried out to elucidate the amount and the nature of acid sites.
Zeolite sample desilicated for 60 minutes presented a higher amount of Bronsted acid sites (that can be
correlated to the superior catalytic activity), while the Turnover frequency (TOF) referred to the amount of
Bronsted acid sites is very similar for the investigated samples. Finally, preliminary kinetic investigation via
linear fitting of experimental data on the Arrhenius plot was carried out for simple first and second order kinetic
models.

1. Introduction

The rapid growth in global energy demand, greenhouse gas emissions, and global warming, associated with
the use of fossil fuels, is stimulating a continuous research for alternative and renewable fuels showing a very
low environmental impact (Papanikolaou et al., 2020). Research efforts have been thus made on low cost and
large-scale processing for biofuels both as a renewable resource using second and third generation
feedstocks (Abate et al., 2016), and with low environmental impact. Renewable energy sources can be
exploited to produce green and eco-friendly fuels as hydrogen (lulianelli et al., 2019), methane, alcohols
(Dalena et al., 2019), syncrude (Marchese et al., 2020) and Dimethyl Ether (DME). DME is a non-toxic and
non-corrosive organic compound that can be employed as intermediate compound in the production of olefins.
Due to high cetane number and low NOx emissions during combustion, it is used as a clean substitute of
diesel fuel and Liquid Petroleum Gas (LPG) (Migliori et al., 2020). DME is produced via methanol dehydration

(eq 1):
2CH;0H 2 CH;0CH; + H,0 (1)

This reaction is usually carried out in presence of a solid-acid catalyst as y-alumina and acid zeolites. MFI
(ZSM-5) samples show significantly higher catalytic activity (Rownaghi et al., 2012).

The formation of DME can mainly take place through associative or dissociative pathway (Park et al., 2020).
ZSM-5 superior activity than y-alumina-type catalysts can be thus related to the considerable difference in acid
sites concentration. ZSM-5 type zeolite supported membranes were also used in catalytic membrane reactors
for DME synthesis (Brunetti et al., 2020). Recent studies (Aloise et al., 2020) have shown how hierarchical (or
mesoporous) zeolites induced by alkaline solutions on ZSM-5 zeolites leads to a marked improvement in the
performance of the catalyst in terms of deactivation for MeOH to DME reactions of the catalyst. The intrinsic
microporosity of zeolitic catalysts often imposes limitations on molecular diffusion due to the hindered access
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inside the crystalline structure. Mesoporous zeolites partially give a solution to these problems by adding an
auxiliary network of inter and/or intra-crystalline mesopores. The induced mesoporosity increases the number
of accessible micropores and effectively shortens the average length of the path to the active sites, thereby
increasing the catalytic performance (Meunier et al., 2012).

In this work a correlation between acid sites of ZSM-5 and hierarchical ZSM-5 catalysts has been investigated
for the dehydration reaction of methanol in the temperature range of 140-240 °C.

2. Experimental
2.1 Samples preparation

The H form zeolite catalyst was synthesized according to the procedure described in the literature (Migliori et
al., 2014), by using the following synthesis gel composition: 1 SiO; - 0.02 Al,O3 - 0.08 Na2O - 0.08 TPABr - 20
H,O. The reaction was carried out under stirring for 2h at room temperature starting from
Tetrapropylammonium Bromide (TPABr98%, Fluka) as Structure Directing Agent (SDA), sodium hydroxide
(NaOH 97%, Carlo Erba Reagenti), sodium aluminate anhydrous (Sigma Aldrich), ultrapure water and silica
gel precipitate (100% SiO2, Merck) as a source of silica under stirring. The mixture was transferred in a static
oven and heated at 170 ° C for 4 days. After crystallization, the catalyst was firstly calcined to remove the SDA
in a tubular oven at 550°C for 6 hours, then an ion exchange was performed twice with a 1M solution of NH4Cl
at 80°C for 2 hours to convert the Na-form to NHs-form. Finally, the sample was calcined again under the
same condition as the first calcination to remove the ammonium cations.

In order to obtain a hierarchical phase according to the literature procedure (Aloise et al., 2020), the H form
sample (ZSM5_P) was desilicated with a NaOH solution (0.1M at 65 °C) with a ratio zeolite/solution equal to
1g9/20ml at two different contact times: 30 min (ZSM5_30) and 60 min (ZSM5_60).

2.2 Physicochemical characterization

The Si/Al ratio in the zeolite was measured by atomic absorption analysis (GBC 932 AA). The effect of the
desilication process was evaluated by nitrogen adsorption/desorption isotherms at -196 °© C (ASAP 2020,
Micromeritics). Specific surface areas were calculated by the BET (Brunauer, Emmett and Teller) method,
using the Rouquerol transform. Total pore volumes and micropore volumes were estimated by the t-plot
method.

The concentration of the acid sites was estimated by temperature-programmed desorption (ammonia-TPD)
and Fourier-transform infrared spectroscopy (FT-IR) analysis. NHs-TPD (TPDRO1100, ThermoFisher) was
carried out according to a previously reported procedure (Catizzone et al., 2017). The analysis consists of a
first ammonia adsorption phase inside the catalyst (pretreatment) and a desorption phase programmed with a
thermal ramp (10 °C/min) in the temperature range from 100 to 700 °C. FT-IR spectra were measured by
using a Nicolet iS 10 — FT-IR Spectrometer (Thermoscientific, USA) with an optical resolution of 4 cm™ and
equipped with a DTGS detector. The samples were pressed into disks with a radius of 1.3 cm and a weight of
about 25 mg. The disks were outgassed at 10” torr under heating (400 °C for 2h, heating rate of 10 °C/min).
FT-IR spectra were recorded in the mid-IR (4000-400 cm'1). Deuterated acetonitrile (CD3;CN) was used as
weak basic probe molecule via the adsorption on the activated samples at 30 °C for 30 min to estimate the
concentration of Bronsted and Lewis acid sites. Ds-acetonitrile in excess was subsequently removed by
vacuum evacuation at 10* - 10® torr for 10 h. The obtained spectra were analysed by integration using
specialised Thermo software, OMNIC (Thermo Scientific) and the bands were integrated by using a peak
deconvolution procedure (Peak Fit Software). The Ds-acetonitrile concentration on the specific acid site
(Bronsted and Lewis) was calculated as follows:

Sy 1AM
cat _S(X)* o

Where IA(X) is the integrated absorbance of the peak of the acid species X (Lewis or Bronsted) and ¢ is the
density of the wafer, while € is the extinction coefficient of the Ds-acetonitrile for the acid species X.

€ (umol g )

2.3 Catalytic tests

The H form zeolite and its corresponding hierarchical phases were tested in the experimental apparatus
already described in a previous work (Migliori et al., 2018). Catalytic tests were carried out at atmospheric
pressure in the temperature range 140-240 °C. A gaseous reacting mixture with controlled methanol molar
fraction (= 6 %) and nitrogen was fed to a quartz tubular reactor loaded with 140 mg of catalyst (particle size in
the range 300-500 pym). Outlet gas composition was analyzed using an inline gas chromatograph (GC-MS,
Agilent 7820A) equipped with a DB1 column (Agilent J&W 125-1032, length 30 m, ¢ = 0.53 mm, film thickness
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1.50 ym) and lonization Detector (FID). Turnover Frequency (TOF) was calculated to measure the catalyst
activity referred to the overall amount of Bronsted acid sites:

WHSV ¥

MWieon “~MeO" 3)
Bronsted acid sites
Where WHSV and MW,,.,y are weighted hourly space velocity (expressed in gmeon gca{1 h'1) and methanol
molecular weight, respectively. Xy.on represents the experimentally evaluated methanol conversion.
Conversion results can be used to estimate the kinetic parameters for methanol dehydration reaction
(Catizzone et al., 2021). If first order reaction is considered, integration of kinetic equation leads to the
following expression for the rate constant (Catizzone et al., 2020):

Ea ) _ ﬁR,in
R-T) ™

TOF (molyeoy - molgis - h™1) =

k =ky-exp (— “In(1 = Xyeon) (4)

CMeOH,in *Meat
Where kg, Eq, R, figin, Cyeon,in, @Nd mq, are pre-exponential factor, activation energy, gas constant, reactant
inlet mole flow, reactant concentration and catalyst load, respectively. If second order reaction is considered,
integration results in a different form for the constant rate calculation:

E nR in XMeOH
k=k-exp(— a)= - . 5

° R-T CIlZ/IeOH,L‘n “Meqr (1 — Xyeon) ©)
Once k is calculated, activation energy (E,) and pre-exponential factor (k,) can be estimated through a linear
fitting of experimental results on the Arrhenius plot (In[k] vs. 1/T).

3. Results and discussion
3.1 Porosity and acidity assessment

The composition, textural and acidic properties of the prepared samples were reported in Table 1. After
desilicating the ZSM-5 sample for 30 and 60 min, in agreement with the selective removal of Si from the
framework, the molar Si/Al ratio, as observed by AAS, decreased by 25 and an 37% (Table 1). Moreover, with
respect to the parent ZSM-5, after desilicating for 30 min, the BET surface area and mesopore volume
increased by 9 and 107% (Table 1), at the expense of the microporous surface area and volume, decreasing
by 35% and 10%, respectively. Conversely, after the 60 min desilication treatment, the BET surface area was
similar to the ZSM-5 sample, while the micropore volume and surface area decreased even with respect to the
ZSM-5_30 sample.

NH3-TPD enables the classification of catalysts acid sites into two classes: weak and strong acid sites. The
former ones are related to a peak for the desorption of ammonia at a lower temperature of = 270 °C, while the
latter ones (strong sites) present maximum ammonia desorption at a temperature of about 450 °C. FT-IR
spectra (with particular attention to the 3750 - 3550 cm™ region) of the catalysts after degassing (Figure 1A)
shows different bands that represent different stretching of the OH groups and their attribution is given by
literature data. Investigated samples clearly show different profiles and the main differences are found
between the H form sample and the two desilicated catalysts. All samples show a wider band in the 3600-
3620 cm’” region attributed to the square-bridged hydroxyl groups (AIOHSI) corresponding to the Bronsted
sites. The first difference is in the region of the OH stretching assigned to the extra-framework AIOH groups
(3670-3630 cm'1): in the H form sample, the adsorption in this range is very low, while in the two desilicated
samples the adsorption is more evident. The second difference lies in the adsorption zone of the weakly
perturbed SiOH silanol groups (3750-3700 cm'1) present in the disilicate samples, but negligible in the H form
one. This difference appears evident after the adsorption of the Ds-acetonitrile probe. The basic strength of the
probe does not allow the formation of hydrogen bonds between the most of the silanol groups and the weak
base. For this reason, while the peaks related to the OH stretching of the stronger acid groups (3670-3620 cm’
1) tend to disappear after the adsorption of Ds-acetonitrile, those referring to the silanol groups are not
sufficiently acidic to form hydrogen bond-type interactions with the probe and they are thus characterized by
unchanged area after adsorption (Trombetta et al., 2000). According to literature data (Daniell et al., 2001;
Arean et al., 2000), the adsorption bands of v (C=N) groups of the Ds-acetonitrile stretching vibration at 2325,
2300, 2278, and 2265 cm™ are attributed to the adsorption on Lewis alumina sites, bridging OH groups,
terminal SiOH groups and physisorbed liquid CD3CN, respectively. The interaction with Bronsted sites is
responsible for the 2297-cm’ adsorption and is due to formation of hydrogen bond of the type O-HJIN-CD3
between sites and the Ds-acetonitrile (Figure 1B). Concentration results from the FT-IR spectra due to
adsorbed Ds-acetonitrile are shown in Table 1.
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The results concerning the total acidity of the system are comparable between the two techniques used.
Desilication treatment has brought about a change in the nature of the acid sites. At shorter desilication times
(30 min), the concentration of Bronsted acid sites does not change, while an increase in Lewis acid sites is
observed, associable with the adsorption difference already noted previously in the 3620 cm™ area (Figure
1A) and associated with the extra framework AIOH area. Different results are obtained for prolonged
desilication times. For ZSM5_60 catalyst, there is an increase both in Lewis (but still lower than in the
ZSM5_30 sample) and Bronsted acid sites (with a net increase of 106 pmol/gcat). This increase in terms of
acidity of the catalysts with induced mesoporosity may be due to the high aluminium content present in the
zeolite structure. Al stabilizes silicon atoms, partially limiting the formation of mesopores. Therefore, only
relatively small fractions of silicon tend to dissolve, leading to an increase in structural defects proportional to
an increase in the concentration of Bronsted acid sites.
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Figure 1. FT-IR spectra of the ZSM5_P, ZSM5_30, ZSM5_60 catalysts. A) spectra of the 3750 - 3400 cm”
region of the activated sample (solid line) and of the samples after probe adsorption (dashed line). B.
Differences between the three catalysts in terms of adsorbed acetonitrile (2360-2220 cm'1)

Table 1: Catalysts acidity via NH3-TPD and FT-IR analysis

AAS Porosimetry NHsTPD FT-IR
(mol/mol) (m2/g) (cm3/g) (umolnna/gceat) (umol/gcat) (-)
ZSM5_P 35.66 410 289 0.17 0.089 104 379 404 85 489 4.73
ZSM5_30  26.83 447 261 0.11 0.184 123 463 403 200 603 2.01
ZSM5_60 22.5 406 243 0,10 0.185 136 539 510 179 689 2.83

@ Determined by atomic absorption analysis
®BET specific surface areas
° Micropore volumes calculated by the t-plot method

d Mesoporous volume, calculated by the difference between total pore volumes and micropore volumes
© Calculated by NH;TPD in the range 150°C-325°C

" Calculated by NH;TPD > 325°C

9 Determined by FT-IR after adsorption of Ds;-acetonitrile

3.2 Catalytic activity and kinetics

Methanol to DME reaction was investigated to assess the catalytic activity of H form and desilicated samples.
Figure 2 shows the MeOH conversion pattern in the temperature range 140-240 °C. For all the investigated
samples conversion increases with temperature until it approaches chemical equilibrium value at about 240
°C. Conversion difference between the tested samples is thus more evident at lower temperatures, where the
H form sample and the desilicated one at 30 min present similar conversion values despite having very
different total acidity values, while the desilicated sample at 60 min shows superior conversion. Therefore,
catalytic activity seems to be proportional to the Bronsted acid sites concentration.

This trend is confirmed by the calculation of turnover frequency (TOF) far from equilibrium (at 160 and 180
°C). TOF provides information related to the reaction rate referred to the concentration of Bronsted acid sites



215

(Table 2). The results show that, although both the conversion and the concentration of the Bronsted acid
sites are different, calculated TOF is similar for all the investigated samples.

MeOH Conv. [-]

130 150 170 190 210 230 250
T(°C)

#7SM5 P -B-ZSM5 30 -k ZSM5 60 - Equilibrium

Figure 2. MeOH converted as a function of the reaction temperature for ZSM5_P (e), ZSM5_30 (m) and
ZSM5_60 (A ). Test conditions— MeOH: 5.6 mol%; carrier flow rate: 60 NmL/min; WHSV: 2 guetor/(9cat h)-

Table 2: Methanol conversion and TOF data at 160 °C and at 180 °C

160°C 180°C
. TOF . TOF
Sample  MeOH Conversion (-) (MOleon molaas” h'1) MeOH Conversion (-) (MOleon molaas” h'1)
ZSM5_P 0.27 49.7 0.53 96.4
ZSM5_30 0.26 48.4 0.52 98.1
ZSM5_60 0.36 53.3 0.66 95.3

Linear fitting for kinetic parameters estimation was carried out involving only experimental points at lower
temperatures (140, 160, 180 and 200 °C), as the conversion at 220 and 240 °C is higher and reaction rate
could be affected by thermodynamic equilibrium. Table 3 summarizes the estimated kinetic parameters for the
investigated samples. Activation energy is greater for second order kinetics; higher values for pre-exponential
factor compensate this difference between the two models.

The resulting coefficient of determination (Rz) is quite high (above 0.98 for all the six fittings). Second order
kinetic model leads to slightly better results in terms of least squares minimization.

Table 3: Kinetic parameters for methanol dehydration to DME assuming first and second order reaction

1 order 2" order
Catalyst ( L ) kJ 12 kJ
k i) olGmmers (eat)
"\Gear - s Ea mol O\ goqe -mol - s Eq mol
ZSM-5_P 1.0 E+06 70.0 5.4 E+11 93.6
ZSM-5_30 2.8 E+06 741 5.9 E+11 94.5
ZSM-5 60 1.4 E+06 70.0 3.8 E+12 99.2

4. Conclusion

MFI-type zeolites were tested for methanol dehydration reaction to produce dimethyl ether (DME). H form
zeolite (ZSM-5_P) performance was compared with its desilicated samples (ZSM-5_30 and ZSM-5_60).
Characterization of acid sites via FT-IR spectroscopy analysis evidenced that desilicated sample ZSM-5_60
presents a greater amount of Bronsted acid sites than the other investigated zeolites (510 vs. =400 pymol per
gram of catalyst). ZSM-5_60 sample showed superior catalytic activity especially at low/intermediate
temperatures (up to 200 °C), confirming that methanol dehydration seems to preferentially occur over
Bronsted acid sites. Conversion equal to 27 %, 26 % and 36 % was found at 160 °C for ZSM-5_P, ZSM-5_30
and ZSM-5_60, respectively. Turnover frequency (TOF) evaluation at 160 and 180 °C coherently led to very
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similar values for the three samples, indicating that the amount of Bronsted acid sites plays a crucial role in
determining the catalyst activity. Kinetic investigation was carried out by considering simple models; activation
energy of about 70 and 95 kJ/mol was calculated for all the investigated catalysts by using 1% and 2™ order
model, respectively.
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