UNIVERSITA

UN |CA DEGLI STUDI

DI CAGLIARI

UNICA IRIS Institutional Research Information System

This is the Author’s submitted manuscript version of the following
contribution:

Cara, C., Secci, F., Lai, S., Mameli, V., Skrodczky, K., Russo, P.A., Ferrara, F.,
Rombi, E., Pinna, N., Mureddu, M., Cannas, C., On the design of
mesostructured acidic catalysts for the one-pot dimethyl ether
production from CO2. J. CO2 Util. 62, 102066, 2022, 1-10.

The publisher's version is available at:
https://doi.org/10.1016/j.jcou.2022.102066

When citing, please refer to the published version.

This full text was downloaded from UNICA IRIS https://iris.unica.it/



https://iris.unica.it/

On the design of mesostructured acidic catalysts for the one-pot dimethyl

ether production from CO,

Claudio Cara,>2% Fausto Secci, 18 Sarah Lai,? Valentina Mameli,»2 Kai Skrodczky,* Patricia A. Russo,*
Francesca Ferrara3, Elisabetta Rombi,! Nicola Pinna,* Mauro Mureddu,3* Carla Cannas®?”

1Department of Chemical and Geological Sciences, University of Cagliari, S.S. 554 bivio
per Sestu, 09042 Monserrato (CA), Italy
2Consorzio Interuniversitario Nazionale per la Scienza e Tecnologia dei Materiali (INSTM), Via
Giuseppe Giusti 9, 50121 Firenze (Fl), Italy
3Sotacarbo S.p.A., Grande Miniera di Serbariu, 09013, Carbonia (SU), Italy
4Institut fiir Chemie and IRIS Adlershof, Humboldt-Universitdt zu Berlin, 12489 Berlin, Germany
*Corresponding authors

SEqual contribution

Abstract

Dimethyl ether (DME) production from hydrogenation of CO, based on two-function (redox and
acidic) catalysts is receiving increasing attention due to the high demand for alternative and green
fuels. In this work, we propose different mesostructured acidic metal oxides as methanol
dehydration catalysts to be used as physical mixtures in combination with a commercial Cu-based
redox catalyst (CZA) for the CO,-to-DME one-pot production. AI-MCM-41, TiO, and TiO,-ZrO; mixed
oxides, obtained through Sol-Gel methods, either in a conventional or Evaporation-Induced Self-
Assembly approach were selected as mesostructured acidic systems and compared with a
commercial zeolite (ferrierite). The regular mesoporous structure should render the active sites of
the acidic catalyst easily accessible for CO, and H, and allow a homogeneous dispersion of the redox
phase inside the mesopores in view of a possible development of bifunctional catalysts (redox +
acidic). With the aim of understanding how the textural and acidic properties can be correlated with
the performances and eventually design efficient dehydration catalysts, a careful study on the
acidic sites was performed by both adsorption microcalorimetry with ammonia and FTIR-monitored
adsorption of pyridine. The results of the performances highlighted a higher activity toward
methanol dehydration for catalysts featured by Brgnsted sites (zeolite and AI-MCM-41); as for

catalysts with Lewis sites only (TiO,, Tig77Zrg230,) better performances were shown in case of



systems presenting sites of moderate strength (Tig77Zrg230,). In the light of the above, AI-MCM-41
and TiO,-ZrO, demonstrated to be the most promising mesostructured dehydration catalysts in

terms of selectivity to DME.

Keywords: mesostructured materials ¢ dimethyl ether ¢ CO, conversion e catalysis ® methanol

dehydration

1. Introduction

In the last two decades, dimethyl ether (DME) has received more and more attention due to its
potential in substituting diesel as fuel [1-10]. Its industrial production is based on a two-step process
in which methanol is first produced from syngas using a Cu-based catalyst and subsequently
dehydrated over an acidic catalyst to obtain DME [10,11]. y-Al,Os is the traditional industrial acidic
catalyst for methanol dehydration thanks to its high DME selectivity, but it suffers from suppression
of its catalytic activity, due to the competitive adsorption of water on its acidic sites [12]. Starting
from the progress made in syngas-to-DME conversion, CO,-to-DME production is taking place in the
last decade, due to the possibility of revaluating CO,, no longer as a waste, but as a valuable reagent.
This strategy aims to contribute to solve several critical challenges; the increasing demand of
renewable fuels together with the need to substitute the fossil sources with raw materials featuring
a low or zero-carbon footprint, encouraging the research of alternative pathways for the production
of DME. For this reason, there is a growing interest around DME production technologies based on
CO, hydrogenation, where the feedstocks are either captured or biogenic CO, and green H, (e.g.
produced from non-fossil pathways such as electrolysis fed by renewable sources). In this context,

DME can be obtained from CO, through these two subsequent reactions [5,13]:
CO; + 3H,;5 CH30H + H,0 AHOgg¢ = -49.5 kJ/mol Redox reaction (1)

2CH30HSCH30CH3 + Hy0 AHO4g¢ = -23.4 kJ/mol Dehydration reaction (2)

Nevertheless, DME can also be produced in a one-step process that should be more efficient than
the two-step route, mainly because methanol dehydration to DME promotes the CO, conversion
[14]. As reported for the production of DME from syngas, the most widely investigated systems for
CO, conversion to methanol are Cu-based catalysts; the most promising ones are based on ternary
systems (CuO/Zn0O/y-Al,03; CuO/Zn0O/Zr0O,) in which copper is the active phase, ZnO acts as a
promoter, and the third phase usually increases the thermal and chemical stability of the catalyst
[5,12,15]. As of dehydration catalysts, the most promising ones are zeolites, mainly ZSM-5 (MFI) and

ferrierite (FER) in their acidic form (H-zeolite), due to their high dehydration performances deriving



from their acidic sites in a microporous crystalline framework. y-Al,03 has also been reported due
to its high selectivity to DME but, like in the case of the DME production from syngas, it suffers from
deactivation due to adsorption of water, deriving from the dehydration of methanol, on its Lewis
acidic sites, the only acidic species present on y-Al,05 [12,16]. Furthermore, in the CO, to DME
reaction, water is also produced in the first step of the reaction (CO, hydrogenation), unlike in the
case of syngas, which does not give rise to water production. Consequently, y-Al,0; deactivation is
much more prominent in CO, to DME reaction. Unlike y-Al,03, zeolites have shown a much higher
tolerance to deactivation due to water adsorption [17,18]; this phenomenon can be explained by
the presence of Brgnsted acidic sites. Furthermore, Brgnsted sites have demonstrated to be much
more active in terms of methanol conversion to DME in both two-step and one-step processes [18];
however, the presence of strong Brgnsted acidic sites can lead to the formation of undesired
by-products, mainly olefins and coke [12]. In rare cases, TiO, [19], ZrO, [19] and mixed oxides [19]
have also been reported, as like as some mesostructured aluminosilicates (AI-MCM-41, Al-SBA-15)
[20-23]. TiO,, ZrO,, and Ti-Zr mixed oxides have shown only Lewis acidic sites, weaker than those of
v-Al,03[19] and thus less prone to deactivation due to water adsorption, leading to a high selectivity
to DME, whereas the mesostructured aluminosilicates have shown both Lewis and Brgnsted acidity
[24-26]. Acidic and redox catalysts are usually combined as physical mixtures through solid phase
or liquid phase mixing [12,15]. In solid phase mixing, the two catalysts are simply mixed together in
powder phase; in liquid phase mixing, they are dispersed into a proper solvent and finally recovered
by solvent evaporation. In some other cases the two different catalysts are not mixed together but
rather laid into the reactor in two subsequent layers [5]. Recently, in the literature, some authors
have proposed composite catalysts for the one-pot production of DME [12,15]. In most cases, these
catalysts, named hybrid by some authors [12,15], and here reported as bifunctional catalysts,
consist of a solid support (usually the dehydrating phase) on which the redox phase is dispersed by
a chemical route [12]. These composite catalysts are commonly obtained on porous acidic solids,
mainly zeolites [27-30], in order to increase the area of contact between the two catalytic functions.
A few cases of mesoporous/mesostructured solids functionalized with a redox phase have also been
reported [31,32]; it should be emphasized that they mainly consist in mesostructured y-Al,03
impregnated with a Cu-based phase [33,34]. In this perspective, the use of mesoporous materials
showing an ordered pore structure (mesostructure) as dehydrating supports, instead of zeolites,
can be considered a valuable choice in view of designing bifunctional catalysts. In fact, the ideal pore

size and the high surface area and pore volume should allow a maximization of the contact area



between the redox and the dehydration catalysts, granting a homogeneous dispersion of the redox
phase inside the mesopores [31]. Furthermore, the presence of the pore walls should limit the
growth of the redox phase particles, leading to the formation of a redox phase in form of confined
nanoparticles [35], and prevent sintering phenomena, making the material stable and regenerable
[36—40]. The presence of a framework with larger pores, compared to zeolites, should also improve
the accessibility of the active sites of the catalyst during the reaction. Zeolites, on the contrary, do
not present an ideal porous framework to act as supports for the development of bifunctional
nanocomposite catalysts; the redox phase, indeed, cannot be dispersed inside the microporous
structure of zeolites, due to the small pore diameter. Therefore, the redox phase can only be
deposited on the external surface of zeolites, partially blocking the accessibility of the micropores
to the molecules of reactants, and not allowing a fine tuning of the size and the dispersion of the
redox phase. As a consequence, sintering phenomena cannot be inhibited, making these systems
not regenerable. With that in mind, in this work, mesostructured dehydrants as an aluminosilicate
(AI-MCM-41), pure titania (TiO,) and a mixed oxide (Tig 77Zr(,30,), rarely proposed in the literature,
were developed and used in form of physical mixtures with a CuO/Zn0O-based commercial redox
catalyst (CZA). Their performances were compared with those of ferrierite, a commercial zeolite
commonly proposed as dehydration catalyst, due to its better catalytic performances with respect
to other commercial zeolites [14,41]. The type and strength of acidic sites were characterized and
their effect on the performances of the catalysts were investigated. New insights were gathered,
allowing a potential development of new acidic mesostructured catalysts by tailoring their acidic

properties in order to maximize their performances for methanol dehydration.

2. Experimental section

2.1 Chemicals

All chemicals were used as received without further purification. Hexadecyltrimethylammonium
bromide (CTAB, 98%), poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene
glycol) (PEG-PPG-PEG, Average M\y=5800 g-mol%, Pluronic® P-123), ethanol (EtOH, azeotropic 95.6%
and EtOH, absolute >99.8%), titanium (V) isopropoxide Ti(OPr),4, 97%, tetraethyl orthosilicate (TEOS,
98%), ammonia solution (28-30% wt% of NH; in H,0), hydrochloric acid (HCl, 36.5-38.0% wt%),
sulfuric acid (H,S0,, 95.0-98.0 wt%) were purchased from Sigma-Aldrich. Aluminum isopropoxide

AI[OCH(CHs),]3, 98%+, zirconium (IV) tert-butoxide Zr(OBu),;, 97%+, copper-based methanol



synthesis catalyst (CZA), and zeolite ferrierite with molar ratio SiO,:Al,03 20:1 were supplied by

Alpha Aesar.

2.2 Synthesis of Al-MCM-41

Aluminum-doped MCM-41 (AI-MCM-41) was synthesized by adapting a sol-gel method proposed by
Cara et al. for MCM-41 [37]. Typically, 0.2314 g of aluminum isopropoxide were dissolved in 3.79
mL of TEOS into a vial. Separately, 1 g of the templating agent CTAB was dissolved in 200 g of
bi-distilled water into a flask; the solution was kept under stirring at 30 °C, 300 RPM for 3.5 h. 69.1
g of absolute ethanol were then added and the solution was kept under stirring for other 20
minutes, 21 mL of NH; were then added and the stirring was increased to 600 RPM; the mixture of
precursors previously prepared was then immediately added into the flask and the vigorous stirring
at 600 RPM was kept for 5 minutes, until a milky white mixture was obtained. The stirring was then
decreased back to 300 RPM and the reaction was carried out for 19 h at 30 °C; the obtained material
was subsequently washed with a 1/1 water/ethanol solution and separated by centrifugation at
4500 RPM for three times, dried and eventually calcined at 550 °C to induce the decomposition of

the templating agent.

2.3 Synthesis of mesostructured TiO,/ZrO,-based catalysts

Inspired by the sulfuric acid carbonization approach proposed by Zhao et al. for TiO, [42], the
synthetic process was adapted to obtain mixed titania-zirconia oxides having a molar ratio of Ti=77%
and Zr=23% in the case of the sample Tig 77Zr(230,, Ti=23% and Zr=77% for the sample Tig 23Zry 770,
and Ti=50% and Zr=50% for the sample Tig 50Zrg500,. Generally, 1 g of Pluronic® P123 was dissolved
in 30 g of absolute ethanol (EtOH abs), 1.4 g of HCl 37 wt% and 0.46 g of H,SO4 44 wt% were added
under vigorous magnetic stirring and the mixture was heated at 40 °C for 3 h under a nitrogen
atmosphere. Then, a certain amount of Ti(OPr), and Zr(OBr,) (Table S1) was added dropwise and
left for further 20 h at the same temperature. The corresponding sol was poured into a Petri dish
and evaporated for two days at 40 °C in air under 50-60% of relative humidity; the resultant film
was aged at 100 °C for further two days. The obtained product was firstly treated at 450 °C (heating
rate 1°C mint) under nitrogen atmosphere for 2 h, and subsequently calcined at 380 °C (heating
rate 2 °C min‘) under air for 2 h. It is worth mentioning that the samples showed a black shining
color after the nitrogen thermal treatment, suggesting the formation of the amorphous carbon

scaffold. Conversely, after calcination, they appeared as a light-yellow powder.



2.4 Characterization methods
Small-angle (SA-XRD, 26 = 0.8°-7°) and wide-angle (WA-XRD, 26 = 8°- 80°) X-ray diffraction patterns

were recorded on a Seifert X3000 instrument with a 8-8 geometry featuring a Cu anode. The lattice

. . 2d190 .
parameter was calculated using the equation ay = B assuming hexagonal pore structure for the

mesostructured samples. The mean crystallite size of TiO,, <Dyrp>, was obtained by Scherrer
equation, assuming K equal to 0.9. <Dyzp> Was calculated as a mean value by fitting, through Origin
software, the most intense X-ray peaks with the PseudoVoigt function, by using a 1:1 Gaussian:

Lorentzian ratio (mu = 0.5).

Textural analyses were performed on a Micromeritics ASAP 2020 system by determining the
nitrogen adsorption—desorption isotherms at -196 °C. Prior to the analyses, ferrierite and AI-MCM-
41 samples were heated for 12 h under vacuum at 250 °C (heating rate, 1 °C min), while the
TiO,/ZrO, samples were heated at 120 °C. The Brunauer—Emmett—Teller (BET) specific surface area
was calculated from the adsorption data in the P/P, range 0.05-0.17 for AI-MCM-41 and 0.05-0.3
for the TiO,/ZrO, samples. Due to the microporous nature of ferrierite, the specific surface area was
estimate by using the Dubinin-Radushkevich model and the total pore volume and pore dimensions
by the Horvath-Kawazoe model. For AI-MCM-41, TiO, and Tig 77Zro.230, the total pore volume (V,)
was calculated at P/Py = 0.875, while mean pore diameter was determined by applying the

Barrett-Joyner-Halenda (BJH) model to the desorption branch isotherm.

Transmission electron microscopy (TEM) images were obtained on a JEOL JEM 1400-PLUS
microscope operating at an accelerating voltage of 120 kV. High-resolution TEM (HRTEM) images
were carried out using a JEOL JEM 2010 UHR microscope equipped with a 794 slow-scan CCD camera
operating at 200 kV. Finely ground powders of the samples were first dispersed in ethanol and

sonicated. The resulting suspensions were dropped onto 200 mesh carbon-coated copper grids.

To perform adsorption—desorption in situ measurements, pyridine vapor was adsorbed at room
temperature using specially designed quartz cells equipped with KBr windows and permanently
connected to a vacuum line. The samples, in the form of self-supported pellets (10-20 mg in weight
of sample), were preliminary outgassed at 250 °C under vacuum conditions (residual pressure
<1.3x10~ Pa) for 6 h (heating rate 4 °C min!) and then cooled to room temperature prior to the
pyridine adsorption experiments. A spectrum of the sample was acquired and used as blank for

subtraction from the subsequent spectra, acquired after pyridine adsorption. The sample was



saturated with a proper amount of pyridine, then the FTIR spectrum was recorded (namely
Saturated) with a Nicolet iS50 spectrometer (Thermo Fisher), then the line was evacuated and after

1 h a FTIR spectrum labelled Desorbed was recorded.

A Tian-Calvet heat flow calorimeter (Setaram) equipped with a volumetric vacuum line was used for
the microcalorimetric measurements. Samples (about 100 mg) were pretreated overnight at 300 °C
under vacuum (1 Pa) prior to the successive introduction of small doses of the probe gas (ammonia).
The equilibrium pressure relative to each adsorbed amount was measured by means of a differential
pressure gauge (Datametrics) and the thermal effect recorded. The run was stopped at a final
equilibrium pressure of 133 Pa. The adsorption temperature was maintained at 80 °C, in order to
limit physisorption. After overnight outgassing at this same temperature, a second run was carried
out up to 133 Pa. The adsorption and calorimetric isotherms were obtained from each adsorption
run. The adsorption isotherms relate the amount of probe gas with the corresponding equilibrium
pressure. The overall uptake of the probe gas on the solid was assessed from the first isotherm
(natot); the amount of the probe gas irreversibly adsorbed (na i) was calculated by subtracting from
the first isotherm the second one, obtained after outgassing the sample. The calorimetric isotherms
relate the integral heat of adsorption with the corresponding equilibrium pressure. Combining the
adsorption and calorimetric data, a plot of the differential heat of adsorption as a function of the
adsorbed amount was drawn, which gives information on the influence of the surface coverage on

the energetics of the adsorption.

2.5 Catalytic tests

The DME synthesis experiments were carried out in a customized Microactivity Effi (PID Eng&Tech)
bench-scale plant, employing a high-pressure fixed-bed stainless steel reactor (length 304.8 mm,
inner diameter 9.1 mm). A porous plate (made of Hastelloy C, 20 um) and quartz wool were used to
support the catalytic bed inside the isothermal temperature zone of the reactor [41]. Tests were
performed using physical mixtures made up of a commercial Cu-based redox catalyst (CZA) and the
dehydration catalyst. The amount of physical mixture used for each run was fixed at 1 g of redox
phase (CZA) and 1 g of acidic catalyst. When only the redox phase was tested, 1 g of CZA was used.
The obtained catalytic systems have been diluted with a certain amount (1.5 g for the tests on
physical mixtures, 2.5 g for the test on CZA only) of a-Al,0s, a chemically inert material, in order to

reach a total bed volume of ca. 3 cm3. As a result, keeping constant the inlet flow rate, the gas hourly



space velocity (GHSV) resulted to be 6000 Ncm? g .1 h™! for physical mixtures and 12000 Ncm?3 g,

1 h-1 for the test of the redox catalyst only.

Before the catalytic tests, all fresh catalysts were reduced in-situ in a stream of a H,/N, mixture (H,,
15 vol% in N,) at 250 °C for 2 h under atmospheric pressure. Upon completion of the reduction
process, the system was maintained at 250 °C, and the reaction gas mixture containing H, and CO,
(molar ratio of 3:1) and 10 vol% of N, (used as internal standard for gas chromatographic analysis)
was fed and the pressure was allowed to reach 3.0 MPa. After allowing the system to reach the
steady state in 1 h on stream, analysis was periodically performed within the run; runs were carried
out for at least 36 h. The reaction stream was analyzed by a 7890B (Agilent) gas chromatograph
equipped with a flame ionized detector (FID) for carbon-containing compounds and with a thermal
conductivity detector (TCD) for permanent gases. Two columns connected in series were used to
identify the components of the outlet gas mixture. In particular, CO,, methanol, dimethyl ether,
ethane, and propane were separated by a HP-PLOT Q (Agilent) column (length 30 m, inner diameter
0.53 mm, film thickness 40 pum), while a HP-PLOT Molesieve (Agilent) column (length 30 m, inner
diameter 0.53 mm, film thickness 50 um) was used for H,, N,, CH,4, and CO. To avoid condensation
of condensable products, the connection lines between the plant gas outlet and gas chromatograph
inlet were heated at 180 °C. CO, conversion (Xco,), products selectivity (Sp, with P: CH;0H, DME, or

C0), and products yield (Yp, with P: CH;0H or DME), were calculated as follows:

in out
nco, —Nnco,

Xco, = T x 100
O,
out
Veo, n'p
Sp= v in _ outX]‘OO
P TNnco, - NCo,

v out

co, np
Yp=——x—-x100

P nco,

where n/" and nP't are the number of moles of the i-th species in the feed or in the gas mixture
exiting from the reactor, respectively, and v; is the stoichiometric coefficient of the i-th species in

the corresponding balanced equation.



In order to assess the error associated with the catalytic tests, a catalytic run using commercial
catalysts was performed three times obtaining a standard deviation in the 2-5% range for both

conversion and selectivity.

3. Results and discussion
3.1 Characterization of pristine samples

Figure 1a and Figure 2a depict wide-angle X-ray diffraction (WA-XRD) patterns of the samples
ferrierite, AI-MCM-41, TiO,, and Tig 77Zrg230,, the most promising binary Ti-Zr oxide in terms of
degree of mesoporous order (see Figure 2g, Figure 2h, Sle-h). Other binary oxides, as Tig 73Zr¢.770,
and Tigs0Zrps00,, were synthesized (Table S1) and the results were reported in the supporting
information (Figure S1, Table S2); however, since TEM images (Figure S1) showed a lower degree
of mesoporous order, the attention was focused only on Tig 77Zro230,. The position and sharpness
of the X-ray diffraction peaks (Figure 1a) of the ferrierite sample confirmed its microcrystalline
nature (PDF card N. 00-039-1382). On the contrary, the sample Al-MCM-41 showed an amorphous
nature as evinced by the presence of a broad band centered at about 23° (26). The XRD data proved
that TiO, sample is constituted by nanocrystals of about 4 nm of anatase phase, (PDF card N. 00-
021-1272) while Tig 77Zrp.230, is amorphous, as confirmed by the two broad bands (Figure 2a). Except
for ferrierite, small angle X-ray diffraction patterns (SA-XRD, Figure 1b and Figure 2b) showed the
presence of a well-defined ordered mesoporous structure. Nitrogen physisorption analysis further
confirmed the mesoporous nature of the three samples, as well as the microporous nature of
ferrierite (Figures 1c, 1d, 2c, 2d). Table 1 reports the textural properties of the samples: AI-MCM-
41 shows the highest surface area (1246 m?g), three times higher than that of ferrierite (415 m?g
1). TiO, and Tig.77Zr.230, show surface areas of 273 and 183 m?g, respectively. The substitution of
titanium with zirconium caused a decrease in the lattice spacing (d,o9) and lattice parameter (ay),
with a remarkable decrease in the wall thickness values, whereas the pore dimensions are similar
(Table 1). Figures 1e-h report representative TEM images of the aluminosilicate samples (ferrierite
and AI-MCM-41), in which an elongated morphology for the ferrierite particles, and a well-defined
mesostructure for the AI-MCM-41 sample are visible. TEM images of the TiO, and Tig77Zrg 230,
samples showed a well-defined honeycomb structure with similar pore dimensions of about 4 nm

(Figure 2e-h).



3 3
o L
> 2
-‘E Al-MCM-41 'E
& 2
= £
b
Ferrierite
TN I I I' g e
T T T T 1 T 1 r~ 11T 71771
10 20 30 40 50 1 2 3 4 5§

600 —

500 —

400 A

200 f

100

300 o J’f/
1 o#

~

Quantity Adsorbed (cm®g STP)

i
y

T
0.2
Relative Pressure (P/P )

0.0

—T T 1 T T 1
04 06 08 10

5
E
L
o
E
S
©
=
g
[=
o
s
T
e
©
E
o
d)

=1 =1
(=1 -
== =
| |

0.04 4

=002 \

] b
0.00 | 20005 %oy
T T T 7T

| ./\
0_05—_?/

&

L

2 3 4 5

Pore Diameter (nm)

Figure 1. WA-XRD (a) and SA-XRD (b) patterns, nitrogen-physisorption isotherms (c), BJH pore size distributions (d), TEM images of
the aluminosilicate samples ferrierite (e,f) and AI-MCM-41 (g,h).

Intensity (a.u.)

TiO,

Intensity (a.u.)

10 20 30 40 50 60 70

T T 71
80 12 3

Quantity Adsorbed (cm®/g STP)

— T
02 04

n_ls I n_ls I 1_|0 I
Relative Pressure (P/P )

0.025

0.020

0.015

Differential Pore Volume (cm?/g)

0.010 4

[=]

(=1

=

o
|

0.000 W @

- &

Figure 2. WA-XRD (a) and SA-XRD (b) patterns, nitrogen-physisorption isotherms (c), BJH pore size distributions (d), TEM images of
the mesostructured titanium oxide-based samples TiO, (e,f) and Tiy 772r;.230; (g,h).



Table 1. Surface area (SA), pore volume (V}), pore diameter (D,), wall thickness (T,), lattice spacing (di00), and hexagonal unit cell
parameter (ay) for all the samples.

Sample Typology of SA V D, To  dio =

isotherm (m2g?) (cm3g?) (nm) (nm) (nm) (nm)

Ferrierite I 415 0.1 0.4 - - -

Al-MCM-41 IVB 1246 0.7 22 11 33 3.8
TiO, IVA 273 0.3 39 48 75 87
Tio.772r0.230, IVA 183 0.2 42 36 68 738

Relative standard deviation: %RSD(SA)=2.1%; %RSD (V,)=1.1%; %RSD (D,)=1.8%. d190 and a, were obtained from X-ray diffraction
data.

3.2 Study of the acidic properties

The acidic properties of the samples were investigated using ammonia-adsorption microcalorimetry
and FTIR-monitored pyridine adsorption. Figure 3a reports the calorimetric curves obtained by
plotting the differential heat of adsorption (Qgi) vs. ammonia coverage (ny, umol g1). All the
samples showed high initial values of Qg (> 230 kJ mol?) that suggest the existence of a small
fraction of very strong acidic sites. Except for ferrierite and TiO,, for which a quasi-plateau was
observed between 150 and 110 kJ mol? and 87 and 77 kJ mol? respectively (indicative of the
presence of isoenergetic acidic sites), the other curves showed a continuous decrease in Qi as the
coverage increases, which points out the heterogeneity of the surface acidic sites from the energetic
point of view. In the present case, the cut-off value between specific and non-specific
(physisorption) adsorbent/adsorbate interactions is assumed equal to 70 kJ mol?, which
corresponds to the initial value of the heat released during ammonia adsorption experiments on a
non-acidic reference sample of pure silica.’®> Therefore, the fraction of ammonia uptake at values of
differential heat below 70 kJ mol! were neglected in the assessment of the acidic sites
concentration na, and the results are summarized in Table 2.

It can be noticed that ferrierite is the most acidic sample, featuring the highest amount of NH;
adsorbed (1539 umol g'). Compared to ferrierite, a moderately lower amount of total acidic sites
can be observed for the TiO, sample (1168 umol g1). Significantly lower amounts of total acidic sites
were observed for Tig77Zrp.230, (504 umol g1) and AI-MCM-41 (416 umol g1).

Furthermore, the amount of sites on which NHs is irreversibly adsorbed (na ) was also calculated
from the microcalorimetric data (Table 2). It is worthy of note that TiO, shows the highest

concentration of np i (934 pmol g1), which accounts for 80% of the total acidic sites, quite far from



the value of Tig 77Zr0230, (49%). A high percentage of na ;. (69%) was also observed for AI-MCM-41,
despite its lower amount of total acidic sites. The lowest percentage of irreversible acidic sites (45%)
is shown by ferrierite. However, by expressing the ammonia coverage as pumol m2, (Figure 3b) it
results that, due to its much higher surface area, for AI-MCM-41 the surface concentration of acidic
sites on which NHjs is irreversibly adsorbed is one order of magnitude lower than that of the other
catalysts in the series, being the values of ny . in the order TiO; (3.42 pumol m2) > Ferrierite (1.67

umol m-2) > Tig 77Zrg.230, (1.36 umol m2) >> AI-MCM-41 (0.23 pumol m2).
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Figure 3. Differential heat (Qq) vs. uptake for ammonia adsorption expressed in umol g1 (a) and umol m? (b) for the samples ferrierite,
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Table 2. Ammonia-adsorption microcalorimetric results for the samples ferrierite, AI-MCM-41, TiO, and Tiy 77Zrg 530.

Sample Na tot” Na tot” Najire” Naire” Najire/ Natot
(umolg?)  (umol m?) (umol g) (nmol m?) (%)
Ferrierite 1539 3.71 694 1.67 45
Al-MCM-41 416 0.32 286 0.23 69
TiO, 1168 4.27 934 3.42 80
Tio77Zr0.2302 504 2.75 248 1.36 49

a@Total amount of acidic sites: Qg > 70 ki/mol.
b Amount of irreversibly adsorbed NH;.



The acidic properties of the catalysts were further studied through FTIR-monitored pyridine
adsorption; Figure 4a, 4b display the spectra recorded on the samples in the 1700-1400 cm!
wavenumber range after saturation and subsequent desorption of pyridine (probe molecule) at
room temperature. The spectra are characterized by different FTIR signals ascribable to pyridine in

its coordinatively bonded (Lewis), pyridinium ion (PyH*, Bronsted) or hydrogen-bonded form

(physisorption) [43,44].
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Figure 4. FTIR spectra of the samples ferrierite and Al-MCM-41, (a) TiO, and Tiy ;,Zry230, (b) after saturation and subsequent
desorption. B, L and H-bond label signals associated with Brgnsted acidity, Lewis acidity and hydrogen bonding, respectively.

The spectrum recorded on ferrierite shows clear signals associated to Brgnsted acidity (1543 cm™),
and almost neglectable Lewis acidity (1455 cm™) (Figure 4a). The quantification of the two
contributions was performed as reported in the literature [45], in which the molar extinction
coefficients for Lewis and Brgnsted acidic sites are given as 2.22 and 1.67 cm pmol?, respectively.
As expected, Brgnsted acidic sites were predominant (96%), with a very low contribution of Lewis
acidity (4%). On the contrary, the sample AI-MCM-41 showed the presence of both Brgnsted (1543
cm) and Lewis acidity (1455 cm™), as well as a pronounced H-bond signal (1445 cm™) (Figure 4a).
To evaluate these contributions, and compare them with the literature [46], the quantification of
the acidic sites was carried out as reported in the cited article [46], (excluding H-bond from the
quantification and considering the above-mentioned molar extinction coefficients for Lewis and
Brgnsted acidity). The obtained amounts of Lewis (66%) and Brgnsted (34%) acidic sites are
comparable with those reported in the literature [46]. Since tetracoordinated aluminum only leads
to Brgnsted acidity, the Lewis acidity can be attributed to the presence of extra-framework

aluminum oxide or aluminum bonded with < 4 SiO,* tetrahedra [46]. Therefore, the presence of a



crystalline framework in ferrierite guarantees a high percentage of tetracoordinated aluminum
(96% of Brgnsted acidic sites); on the other hand, the amorphous nature of AI-MCM-41 leads to the
formation of a high amount (66%) of Lewis acidic sites. FTIR spectra of TiO, and Tig 77Zry.,30, (Figure
4b) clearly highlighted the typical bands centered at about 1445, 1575 and 1607 cm™® ascribable to
electron-accepting sites (Lewis acidity). According to the literature [44], the two intense bands at
about 1445 and 1607 cm™ are ascribable to strong Lewis sites, while the band at 1575 cm™ is related
to weak Lewis sites. However, since the spectra show a broad and weak signal located at about 1540

cmtitis not possible to exclude the presence of a minor amount of Brgnsted acidic sites.

3.3 Catalytic performances of dehydration catalysts

CZA was then tested for the CO,-to-dimethyl ether (DME) one-pot process in form of a physical
mixture with the different acidic dehydration catalysts (ferrierite, AI-MCM-41, mesostructured TiO,,
or mesostructured Tig 77Zr.230;). In comparison with CZA alone, similar CO, conversion values were
obtained with all the physical mixtures, except for the CZA-TiO, sample, which showed a lower value
of Xcoz (Figure 5). An ideal dehydration catalyst should convert all the formed methanol into DME,
moving the hydrogenation step toward the production of more methanol and significantly
decreasing the production of CO. Indeed, the addition of ferrierite to CZA caused a 10 mol% drop in
CO selectivity (Figure 5), ascribable to the subtraction of methanol from the reaction environment
that, besides favoring the conversion of CO, to further methanol, limits its decomposition to CO
over the CuO-based redox phase [11]. By converse, the addition of the other dehydration catalysts
to CZA did not show any remarkable variation in terms of CO selectivity. Concerning DME formation,
the CZA-ferrierite mixture still showed a better performance (Spme = 38 mol%) compared to the
physical mixtures derived from the mesostructured samples (AI-MCM-41, TiO, and Tig 77Zr.230,),
for which selectivity values in the range 7.5 - 10.5 mol% were found. These results were correlated
with the amount, strength, and nature of the acidic sites, as well as with the structural and textural

properties.
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The higher catalytic performances of the CZA-ferrierite mixture in terms of selectivity to DME (Sppme,
37.8 mol%) can be ascribed to its acidic site type (Brgnsted, Figure 4), their high amount (1539 umol
g1, Table 2), and the presence of an isoenergetic group of sites, according to the results extracted
from the combined use of the ammonia-adsorption microcalorimetry and FTIR-monitored
adsorption of pyridine. Even though, in the literature, performances of ferrierite resulted to be less
affected by the formation of coke than those of other zeolites (MFI and MOR), due to its 2D pore
structure [16,47—-49], in our conditions a slight gradual decrease of the catalytic performances in
terms of DME selectivity from 39.1 mol% (value at 3 h) to 36.5 mol% (value at 36 h) was detected,
as shown in Figure S3. In order to exclude the contribution of coke, CHN analysis was performed on
the spent CZA-ferrierite physical mixture and on its components before the catalytic test. As shown
in the supporting information (Table S3) the carbon content in the CZA-ferrierite mixture can be
entirely attributed to the carbon present in CZA; coke formation was thus excluded, confirming the
data reported in the literature by other authors [48]. The decrease in DME selectivity can then be
related to a slight worsening of the textural properties of the physical mixture induced by the

hydrogenation reaction, generating a decrease of the surface area and the pore volume, as evinced



by the comparison between the nitrogen-physisorption isotherms of the pristine mixture and the

isotherms of the spent mixture (CZA, a-Al,05 and ferrierite, Table S4, Figure S4).

Among the mesostructured catalysts, AI-MCM-41 showed the best catalytic behavior in terms of
DME selectivity. However, despite the significantly superior textural properties, AI-MCM-41 is less
selective towards DME (10.5 mol% Spwme) than ferrierite (37.8 mol% Sppe). This is mainly ascribable
to the much higher total number of acidic sites and to the presence of a family of isoenergetic
Brgnsted sites of moderate strength on the zeolite, deriving from its intrinsic crystalline order. On
the other side, the amorphous nature of AI-MCM-41 justifies both the energetic heterogeneity of
the acidic sites and the co-existence of Brgnsted (66%) and Lewis sites (33%). The gradual worsening
of the DME production, observed during the first 7 h of test for AI-MCM-41 (Figure S5), could be
ascribed to the deactivation of its Lewis acidic sites, to the formation of carbonaceous residues
and/or to the gradual collapse of its pore structure (Figure S6, Table S4); however, it is important to
point out that, during the other 29 h of test, the performances were stable (Figure S5). This trend
has been observed also by some authors [22,50] and ascribed, in the case of Bedoya et al. [50], to
the formation of carbonaceous species. The CZA-TiO, mixture showed the lowest performances
among all catalysts; indeed, despite the promising catalytic performances during the first hours of
the test, a remarkable worsening in terms of CO, conversion (from 19.7 mol% to 13.8 mol%) and
DME selectivity (from 16.3 mol% to 5.1 mol%) was observed during the long-lasting test (36 h)
(Figure S7). Furthermore, in this case, a significant worsening of the textural properties was
observed after the reaction (Figure S8, Table S4). On the contrary, Tiy77Zro230, presented steady
performances (Figure S9) and a mean value of DME selectivity similar to that of TiO,, associated
with the lowest CO selectivity (58.8 mol%) among all mesostructured catalysts, even slightly lower
than that of pure CZA (61.1 mol%); the textural properties of Tiy77Zrg 30, showed only a minor
worsening after the reaction (Figure $10, Table S4). These findings can be correlated with the acidic
properties of the two samples: though TiO, and Tig 77Zro230, both possess Lewis acidic sites only,
there are remarkable differences in their amount (1168 and 504 umol g of total acidic sites,
respectively) and strength (934 and 248 umol g of irreversible acidic sites, respectively) (Table 2).
Indeed, the higher initial catalytic activity of TiO, can be associated with its high amount of total
acidic sites; anyway the high percentage of irreversible acidic sites (about 80%), (Table 2), suggests
a strong interaction with the water produced in both the hydrogenation and dehydration steps,
which leads to detrimental effects in the conversion of CO, and the production of DME during the

catalytic run. On the contrary, the lower initial performances, which however are steady during the



whole test (7.5 mol% Spwme), showed by the binary oxide Tig 77Zrg 230, can be ascribed to the lower
amount and percentage of irreversible acidic sites (about 50%) that increase its water tolerance
under the high-pressure conditions of the catalytic test. This effect can be ascribed to the insertion
of zirconium, as already reported by other authors [19] for the dehydration of methanol to DME at
atmospheric pressure over non-mesostructured Ti-ZrO, samples. The authors highlighted that the
water tolerance is enhanced by increasing the amount of zirconium. Following these assumptions,
a Ti-Zr mixed oxide with a higher amount of Zr (Tig,3Zrg770,) was tested and, as expected, its
catalytic performances (Figure S11) proved to be the most stable among all catalysts. Tig »3Zrg 7705,
like in the case of Tig 77Zr5.,30;, showed a slight worsening of its textural properties after the reaction
(Figure S12). The catalytic results obtained for the two mesostructured amorphous catalysts (Al-
MCM-41 and Tig 77Zrg.230,) indicate that the presence of Brgnsted acidic sites in AI-MCM-41 causes
higher dehydration performances in terms of DME selectivity, despite the similar amount of total
acidic sites and the significantly lower surface concentration for AI-MCM-41. This comparison
confirmed that Brgnsted acidic sites are more efficient than Lewis sites towards methanol

dehydration.

In the light of the above, several points are to be considered in the evaluation of the catalysts, such
as () stability of the catalyst, (II) CO, conversion, (lll) CO, CH30H, and DME selectivity, with the last
two points enclosed in the yield, that can be reasonably expressed as both DME yield and DME +
CH3OH vyield, being also methanol a valuable product. Table S5 reports these values, from which it
is possible to evince that, among the mesostructured dehydration catalysts, AI-MCM-41 is the one
that shows the higher DME yield (2.0%), while Tig77Zrg 30, shows the highest DME + CH30OH vyield

(7.6%), and steady performances during the test.

4. Conclusions

In this work, several mesostructured acidic oxides with different chemical compositions and textural
properties have been synthesized, characterized, and tested as dehydration catalysts in mixture
with a commercial redox catalyst (CZA) for the one-pot DME production from CO,; their catalytic
performances have been compared with those of a commercial dehydration zeolite catalyst

(ferrierite). In the light of the obtained data, we can conclude that:

1) The comparison between a microporous crystalline material (zeolite ferrierite) and a

mesostructured amorphous aluminosilicate (AI-MCM-41) has pointed out that the microporous



crystalline material (ferrierite) demonstrated much better catalytic performances for methanol

dehydration due to the high amount of isoenergetic Brgnsted acidic sites.

2) The comparison between the mesostructured crystalline TiO, and the amorphous Ti-Zr oxide
Tio.77Zr0 230, proved that, despite the presence of mostly Lewis acidic sites on both samples, with a
higher amount for TiO,, this catalyst shows a progressive decrease in catalytic performances,
probably due to its higher acidic strength, which causes an irreversible water adsorption and a
consequent deactivation of the acidic sites. The inclusion of Zr in TiO; (Tig 77Zrg230,) led to steady
catalytic performances, due to a decrease in strength of the acidic sites, which cause a higher water

tolerance, and an increase in porous stability.

3) The different typology (Brgnsted vs Lewis) but comparable amount of acidic sites (416 pmol g
vs 504 umol g) and the amorphous structural nature of AI-MCM-41 and Tig772r( 230, allowed a
direct comparison between the two systems, pointing out a higher activity for Brgnsted acidic sites

towards methanol dehydration.

The main future perspective of this work is the development of bifunctional catalysts using the
mesostructured acidic catalysts as supports to disperse the redox phase in form of confined
nanoparticles via different impregnation routes already set-up on different materials [51,52]. The
synthesis of nanocomposite bifunctional catalysts and the assessment of their catalytic
performances, in comparison with those of physical mixtures, will allow to determine the effect of
the intimate contact between the two phases. Furthermore, the comparison of mesostructured
nanocomposites with zeolite-based composite catalysts, will permit to understand the effect of the
nanoparticle confinement inside the mesopores on the performances and the regenerability of
composite catalysts.

Other future perspectives include the development of new mesostructured acidic catalysts as Ti-Zr
mixed oxides with a high amount of Lewis acidic sites with a moderate strength in order to prevent
a strong interaction with water. The promising behavior of AI-MCM-41 can be further enhanced by

increasing the number of Brgnsted acidic sites and their surface concentration.
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