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ARTICLE INFO ABSTRACT

Keywords: Direct hydrogenation of CO3 to valuable aromatics using multifunctional catalysts is an attractive technology to
€O hyt?lrogenation produce low-carbon footprint chemicals. In this work, the relevant zeolite parameters driving the formation of
g;%‘;ancs total and BTEX aromatics from CO5 and Hj on tandem K-Fe/y-Al,03+H-ZSM-5 catalysts following the Fischer-

Tropsch (FT)-mediated route were investigated. To this end, a set of H-ZSM-5 zeolites covering a wide range
of physicochemical properties (density of Brgnsted and Lewis acid sites, external acidity, crystallite size, and
mesoporosity) was used, characterized by different techniques (ICP-OES, XRD, N, physisorption, FTIR-pyridine,
FTIR-2,6,-di-tert-butyl pyridine, XPS, 27A1 MAS NMR, and electron microscopy), and evaluated in CO2 hydro-
genation at 400 °C, 30 bar, Hy/CO2 = 3.1, and GHSV of 4700 mL/(gpe-car'h). At these conditions, high and stable
CO; conversions of 50 — 55% and low CO selectivity of ca. 10% were obtained for the Fe-based and tandem
catalysts. The density and, to a certain extent, the strength of Brgnsted acid sites were found the main parameters
determining the selectivity of aromatics, reaching initial (TOS = 1.5 h) values of about 79% and 40% in liquid
(Cs+) and total hydrocarbons, respectively, for the catalyst based on the most acidic zeolite. Lewis acid sites
associated to extraframework Al species (EFAL), by contrast, did not appear to play a relevant role in our
conditions. Moreover, although a positive effect of the total amount and strength of Brgnsted acid sites on the
selectivity to the most valuable BTEX aromatics was inferred from our results, the external Brgnsted acidity was
the most influential factor in this case. Hence, a remarkable BTEX selectivity of 75% in aromatics was achieved
for the zeolite previously submitted to a surface-passivation treatment by silylation.

Tandem catalyst
Fischer-Tropsch
H-ZSM-5 zeolite

1. Introduction

The use or renewable energy to displace fossil energy and the
implementation of Carbon Capture and Utilization (CCU) technologies are
key strategies to achieve the ambitious goal of net-zero carbon emissions
required to combat climate crisis. The CCU strategy can bring potential
to mitigate carbon emissions by using COy captured from carbon-
intensive industries (e.g., cement and steel) or even directly from the
air as a carbon feedstock to produce value-added products [1,2]. Among
the available CCU options, the thermocatalytic hydrogenation of CO3 to
valuable liquid fuels and chemicals (e.g., methanol, gasoline, jet fuel,
aromatics) using green hydrogen is particularly appealing as it addi-
tionally provides the possibility to store and easily transport surplus
(intermittent) renewable energy in the form of chemical energy. How-
ever, most current CCU technologies rely on multi-step processes
involving several separation and catalytic processes that result in low
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overall energy efficiency and high cost. Intensification of the CO5 hy-
drogenation process from both the reactor and catalyst design view-
points might alleviate the above issues laying the ground towards their
industrial implementation. An example of this could be the integration
of a multifunctional catalyst in an electrochemical ionic membrane
reactor (e-CMR) to realize the one-stage conversion of CO, and water to
valuable hydrocarbons as proposed in the EU-funded eCOCO2 project in
which the present study is framed [3].

Aromatic hydrocarbons, particularly the most demanded benzene,
toluene, ethylbenzene, and xylenes (BTEX) fraction, are widely used as
solvents, fuel additives, and as key building blocks in the production of
different types of polymers used in the manufacture of many everyday
products. Currently, aromatics are still mostly produced from fossil re-
sources resulting in huge CO5 emissions. Therefore, the production of
sustainable aromatics from captured CO5 and low-carbon Hy or from
renewable syngas is a promising approach towards climate neutrality.
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The direct conversion of CO, and H; or syngas to aromatic hydrocarbons
can proceed through two main catalytic routes depending on the nature
of the intermediates involved [4,5]: i) the methanol-mediated route, and
ii) the Fischer-Tropsch (FT)-mediated route. In both cases, multifunc-
tional catalysts are required to realize the conversion of CO; and Hj to
the intermediate and its subsequent transformation to aromatics via
tandem catalysis in a single reactor. Catalysts developed for the
methanol-mediated pathway are generally based on the oxide-zeolite
concept [6]. In oxide-zeolite systems for CO2/H,-to-aromatics conver-
sion, a metal oxide (e.g., ZnZrOy, ZnCrOy, ZnAlOy, ZnCrOy, etc.) con-
taining surface oxygen vacancies, serving as active sites for methanol
formation, is integrated with an H-ZSM-5 zeolite that catalyses the
conversion of methanol to aromatics via acid catalysis according to the
well-known methanol-to-aromatics (MTA) process [7]. On the other
hand, most common catalysts for the FT-mediated route combine an
iron-based catalyst, active for both the RWGS reaction leading to CO and
its subsequent hydrogenation to mainly olefins through FT chemistry,
with an H-ZSM-5 zeolite that produce aromatics from the olefin in-
termediates. The mechanism by which olefins are converted to aro-
matics on H-ZSM-5 still remains debated and both the hydrogen-transfer
[8] and dehydroaromatization [9] pathways have been proposed in the
literature.

A characteristic feature of the bifunctional oxide-zeolite systems is
the possibility to achieve outstanding selectivities to specific hydrocar-
bons (e.g., aromatics) thanks to the fact that the conversion of the
methanol intermediate occurs under the shape-selective environment
provided by the microporous zeolite environment. For instance, Ni et al.
reported a high selectivity of aromatics of ca. 74% in the hydrocarbons
fraction at COy conversion of around 7% over a ZnAlOy+H-ZSM-5
catalyst [10]. However, these catalysts present two major drawbacks:
the conversion of CO; is relatively low (generally below 20%) and the
selectivity of CO is undesirably high, typically above 50% [10-12].
Thus, achieving higher CO, conversion while keeping low selectivity of
CO (and CHy4) are important current challenges in the development of
efficient oxide-zeolite systems. In contrast, although less selective, tan-
dem Fe-based+H-ZSM-5 catalysts operating through the FT-mediated
route can achieve much higher CO, conversions (> 40%) along with
reduced CO selectivity (< 20%) at equivalent reaction conditions
[13-15].

As discussed above, thanks to its unique pore topology, H-ZSM-5 is
the zeolite of choice in both oxide-zeolite and Fe-based+zeolite multi-
functional catalysts to directly produce aromatics from CO5/H; or syn-
gas through, respectively, the methanol- and FT-mediated pathways.
Therefore, fine tuning of the zeolite properties becomes essential to
maximize the total selectivity of aromatics, and especially to the most
demanded BTEX fraction. Thus, efforts were devoted in previous studies
to improve the aromatization performance of H-ZSM-5 in tandem or
composite catalysts by tailoring the zeolite acidity, for instance by
modifying the Si/Al ratio [14] or by introducing metals such as Ni [16]
and P [17] to regulate the acid strength. The incorporation of Ga and Zn
species in H-ZSM-5 was also applied to enhance the aromatics formation
by promoting dehydrogenation reactions on the metal-related Lewis
acid sites [18,19]. Furthermore, passivation of the external acid sites by
deposition of an external SiO, layer through silylation treatments
[20-22] or by constructing more sophisticated core-shell structures (e.g.
H-ZSM-5@Silicalite-1) [7,13,23] proved to be an effective strategy to
improve the selectivity of the most valuable BTEX (and para-xylene)
aromatics. Besides acidity, the morphology and size of the zeolite crys-
tallites were also relevant properties affecting the aromatization per-
formance of H-ZSM-5 [24-26].

From the process viewpoint, the operating temperature is an
important parameter to maximize aromatics selectivity as it should
effectively couple the reactions occurring on the two functionalities of
the tandem catalysts, that is, the CO reduction to intermediates on the
oxide or Fe-based component, depending on the catalytic route, and the
aromatization of the intermediates on the zeolite, without excessively
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promoting side reactions leading to unwanted products like CO (from
CO2/H3) or CO4 (from syngas), CH4, and saturated hydrocarbons. In the
particular case of CO, hydrogenation, reaction temperatures in the
range of 300 — 350 °C are applied in most of the earlier works. However,
in the context of the eCOCO2 project framing this study, a minimum
reaction temperature of 400 °C has to be employed to ensure an efficient
integration of the catalyst in the electrochemical membrane reactor.
Considering this constraint and its potential influence on catalyst per-
formance, the present work aims at elucidating the most relevant zeolite
parameters driving the formation of total and BTEX aromatics via hy-
drogenation of CO2 over tandem Fe-based+H-ZSM-5 catalysts at the
relatively high reaction temperatures (specifically at 400 °C) compatible
with the e-CMR operation.

2. Experimental
2.1. Preparation of catalysts

2.1.1. COg reduction function: K-Fe/y-Al,03 catalyst

The CO; reduction function operating through the Fischer-Tropsch
route consisted of a potassium-promoted iron catalyst supported on a
high-purity commercial y-Al;03 (Puralox TH 100/150, Sasol Materials).
The K-Fe/y-AlyOs catalyst was prepared by incipient wetness co-
impregnation of the pre-dried alumina carrier with an aqueous solu-
tion containing the amounts of Fe(NO3)3-9 HoO (Merck, > 98%) and
KNOj3 (Merck, 99%) precursors required to achieve an iron loading of 20
wt% and an K/Fe atomic ratio of 1 (nominal values). After impregnation,
the solid was dried at 110 °C overnight and subsequently calcined in air
flow at 500 °C for 6 h using a heating rate of 1 °C/min.

2.1.2. Acid function: H-ZSM-5 zeolites

The medium-pore H-ZSM-5 zeolite was used as acid function of the
multifunctional catalysts to produce the aromatic hydrocarbons. A set of
eight commercial and home-prepared H-ZSM-5 samples with varying
physicochemical properties was employed to derive proper structure-
performance correlations. The commercial samples, supplied in the
NHZ-form, comprised the following zeolites (the bulk Si/Al atomic ratio
determined by ICP-OES is given in parenthesis): TZP302A (10) from
Tricat, and CBV3023E (16), CBV5020 (22), CBV8020 (31), and
CBV28014 (112) from Zeolyst International. The corresponding pro-
tonic (H™) forms were obtained by calcination in a muffle oven under air
atmosphere at 500 °C for 3 h (heating rate of 2 °C/min). The produced
H-ZSM-5 samples were denoted in this work as MFI-c(x), where “c” re-
fers to their commercial origin when applied and “x” to the bulk Si/Al
atomic ratio from ICP-OES analyses.

The commercial MFI-c(31) sample was submitted to a surface-
silylation treatment by the chemical liquid deposition (CLD) method
using tetraethoxysilane (TEOS, Sigma-Aldrich, > 99%) as silica source in
order to passivate the external acid sites. This method has been widely
employed to this purpose due to its effectiveness, simplicity, and easy
application at larger scales [27-29]. Briefly, 6 g of MFI-c(31) were
suspended in 150 mL of n-hexane and the mixture refluxed at 60 °C for
30 min under stirring. Then, 0.9 mL of TEOS (corresponding to 4 wt% of
SiO3 loading) was added to the mixture and maintained under stirring
and reflux for 1 h. Subsequently, the n-hexane solvent was removed by
evaporation, the solid was dried at 100 °C overnight and finally calcined
under flowing air at 500 °C for 4 h with a ramp of 1 °C/min. The above
procedure was repeated 3 times to produce the sample named as MFI-sil
(34).

On the other hand, the commercial MFI-c(22) sample was subjected
to a desilication treatment under basic conditions to generate intra-
crystal mesopores via controlled extraction of framework silicon species.
To this end, an aqueous solution of 0.2 M NaOH (Scharlab, 98%) and
TBAOH (Alfa Aesar, 40 wt% aq. solution) in a TBAOH/(NaOH+TBAOH)
molar ratio of 0.4 was mixed with the MFI-c(22) zeolite in a liquid/solid
ratio of 25 mL/g and heated under agitation at 80 °C for 1 h. The
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resulting material was submitted to repeated washing-centrifugation
cycles until the washing waters reached neutral pH, and subsequently
dried at 100 °C overnight. The sample was then treated with a 2.5 M
NH4NOs3 aq. solution (liquid/solid ratio = 10 mL/g) at 80 °C for 2 h
under reflux in order to replace the Na™ cations by NHJ, separated by
centrifugation until neutral pH, and dried in an oven at 100 °C over-
night. Next, the NH{ -exchanged sample was treated with an 0.2 M aq.
solution of oxalic acid at 60 °C for 2 h under reflux (liquid/solid ratio =
10 mL/g) to selectively dealuminate the external zeolite surface [30],
washed with deionized water by repeated centrifugations until pH = 7,
and eventually calcined under flowing air at 550 °C for 4 h using a
heating rate of 2 °C/min. This sample was labelled as MFI-meso(22).

Finally, a nanocrystalline H-ZSM-5 sample was hydrothermally
synthesized using as reagents tetraethoxysilane (TEOS, Sigma-Aldrich,
> 99%), aluminium isopropoxide (AIP, Sigma-Aldrich, > 98%), and
tetrapropylammonium hydroxide (TPAOH, 40 wt% aqueous solution)
from a clear gel solution with the following molar composition: 1TEO-
S:0.01AIP:0.25TPAOH:20 H,0. The solution was vigorously stirred at
room temperature to hydrolyze the TEOS and to eliminate water until a
H»0/SiO2 molar ratio of 5 was obtained. The resulting solution was
introduced in Teflon-lined stainless steel autoclaves, aged in static at
80 °C for 20 h, and then hydrothermally treated at 180 °C for 90 min
under rotation. The solid was recovered by centrifugation, washed,
dried at 100 °C, and finally calcined in air at 550 °C for 3 h to obtain the
sample named here as MFI-nano(46).

2.1.3. Multifunctional K-Fe/y-Al,O3+H-ZSM-5 catalysts

To prepare the multifunctional catalysts, the individual K-Fe/y-AloO3
and H-ZSM-5 components were first pelletized to granules sizing 0.2 —
0.4 mm and then physically mixed in a 1:1 mass ratio. The mixture was
divided into three equivalent parts and loaded to the reactor consecu-
tively to ensure a homogeneous distribution of granules of each
component along the catalytic bed.

2.2. Characterization methods

The chemical composition of the samples was determined by
inductively coupled plasma-optical emission spectrometry (ICP-OES) in
a Varian 715-ES apparatus after dissolution of the solids in an acid
mixture of HNO3:HF:HCI (1:1:3 vol ratio).

Crystalline phases in the materials were identified by powder X-ray
diffraction (XRD) in a Panalytical Cubix Pro diffractometer equipped
with a graphite monochromator operating at 40 kV and 45 mA using
nickel-filtered CuK, radiation (A = 0.1542 nm).

Textural properties of the samples were derived from the corre-
sponding N5 adsorption isotherms recorded at -196 °C on an ASAP-2000
(Micromeritics) equipment after pretreatment at 400 °C and vacuum
overnight. Specific surface areas were obtained by the BET method, pore
size distributions were derived from the adsorption branch of isotherms
by using the Barrett-Joyner-Halenda (BJH) model, and the micropore
volume of the H-ZSM-5 zeolites was determined by the t-plot method.

Coordination of Al species in the zeolites was assessed by 2’Al MAS
NMR spectroscopy on fully hydrated samples. The spectra were recorded
at room temperature in a Bruker AV-400 WB spectrometer operating at
104.2 MHz and equipped with a 4 mm Bruker BL4mm probe. Samples
were packed into zirconia rotors and spun at the magic angle spinning
(MAS) at 10 kHz. The ?’Al spectra were acquired with pulses of 0.5 ps
corresponding to a flip angle of /18 and chemical shifts were referred to
a 0.1 M aqueous solution of AI(NO3)3.

The acidity of zeolites was measured by FTIR spectroscopy of
adsorbed pyridine (FTIR-Py). FTIR-Py spectra were recorded in a Nicolet
710 FTIR apparatus on self-supported wafers (10 mg/cm?) previously
pretreated at 400 °C overnight under dynamic vacuum of 10 Pa. Af-
terwards, 1.8-10% Pa of pyridine were admitted to the IR cell at room
temperature and after equilibration the samples were degassed for 1 h at
250, 350, and 400 °C. After each desorption step, the spectrum was
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recorded at room temperature and the background subtracted. The
amounts of Brgnsted and Lewis acid sites were determined from the
integrated areas of the bands at ca. 1545 and 1450 cm™, respectively,
using the extinction coefficients reported by Emeis [31].

Additionally, FTIR spectroscopy of adsorbed 2,6-di-tert-butyl pyri-
dine (FTIR-DTBPy), a bulky probe molecule unable to penetrate the 10-
ring pores of H-ZSM-5, was employed to qualitatively assess the external
Brgnsted acidity in selected zeolites [32,33]. FTIR-DTBPy spectra were
acquired in a Nicolet 710 FTIR instrument using self-supported wafers of
ca. 10 mg/cm?. Prior to the measurements, the zeolites were dehydrated
at 400 °C for 12 h and dynamic vacuum of 102 Pa. Then, the samples
were saturated with 2,6-DTBPy at 150 °C for 12 min, evacuated at this
temperature for 1 h to remove physisorbed probe molecules, and the
spectrum recorded at room temperature.

The Si/Al ratio in the near-surface region (X-ray penetration depth of
6 — 10 nm) of zeolites was analyzed by XPS in a SPECS spectrometer
equipped with a 150-MCD-9 detector using a non-monochromatic AlK,
(1486.6 eV) X-ray source. Spectra were recorded using an analyzer pass
energy of 30 V, an X-ray power of 200 W, and under an operating
pressure of 10~° mbar. Treatment of the spectral signals was performed
using the CASA software.

The approximate size and morphology of crystallites in selected ze-
olites were analyzed by high-resolution field emission scanning trans-
mission microscopy (HRFESEM) or FESEM using, respectively, Zeiss
GeminiSEM 500 and Zeiss Ultra-55 electron microscopes. The samples
were dispersed on a double-sided carbon adhesive tape attached to the
specimen holder without any coating.

Characterization by transmission electron microscopy (TEM) was
carried out using a JEOL JEM 1400 Flash microscope operating at 120
kV. Prior to observation by TEM, the samples were suspended in ethanol
and submitted to ultrasonication for one minute. Next, the suspension
was slowly decanted for two minutes and a drop was extracted from the
top side and placed on a holly carbon-coated copper grid.

2.3. CO2 hydrogenation experiments

The CO3 hydrogenation tests were performed in a continuous down-
flow stainless steel fixed bed reactor (ID 1.3 cm) using a feed gas mixture
with molar composition of 22%C05/68%H3/10%Ar (Hy/CO5 molar
ratio = 3.1, Ar used as internal standard for GC analyses). The catalytic
experiments, typically lasting 8 — 9 h, were conducted at 400 °C, 30 bar,
and space velocity (GHSV), referred to the mass of iron catalyst, of 4700
mLco2+H2/(8Fe-carh). The relatively high reaction temperature used in
this study was imposed by the minimum temperature required for the
operation of the e-CMR where the catalyst is to be integrated according
to the intensification concept proposed in the eCOCO2 project, as
explained in the Introduction. Prior to the reaction, the catalysts were in
situ reduced in pure Hy flow at 400 °C for 8 h (ramp of 1 °C/min). The
reaction products were periodically analysed by online gas chromatog-
raphy in a Varian 450 GC equipped with three columns and two de-
tectors: two packed columns (Porapak Q, 13X molecular sieve)
connected to a thermal conductivity detector (TCD) for the analysis of
CO3, CO, CHg4, and Ar (reference gas), and a capillary column (TRB-1, 30
m length, 0.25 mm ID, 1 ym thickness) connected to a flame ionization
detector (FID) for the analysis of oxygenates and hydrocarbons, as
detailed elsewhere [34]. The full product distribution was obtained by
combining the TCD and FID chromatograms through the common
product methane. Product selectivities are given on a carbon basis unless
otherwise stated. Carbon mass balances of 100 + 2% were obtained for
all the reported experiments.



R. Murciano et al.

3. Results and Discussion
3.1. Characterization of materials

3.1.1. Properties of K-Fe/y-Al;03 component

The Fe and K contents of the calcined K-Fe/y-Al;O3 catalyst deter-
mined by ICP-OES amounted to 19.8 and 12.7 wt%, respectively, cor-
responding to an atomic K/Fe ratio of 0.92, in good agreement with the
nominal values. The textural properties of the y-Aly03 carrier and the
calcined catalyst measured by Ny physisorption are shown in Table S1
(Supporting Information). As seen there, the BET area and pore volume
decreased from 144 to 38 m?/g and from 0.61 to 0.20 cm®/g, respec-
tively, upon impregnation of Fe and K precursors and subsequent
calcination. The total pore volume re-calculated per mass of support was
0.35 cm®/ga1p03 assuming that Fe and K in the calcined sample are
present as Fe;O3 and K30, respectively, which gives an estimated pore
blockage of 42% by the supported metal phases.

The crystalline phases present in the calcined and spent catalyst were
assessed by XRD. The corresponding XPR patterns are presented in
Fig. S1. As observed there, the calcined sample displayed reflections at
ca. 46° and 67° (20) associated to the y-Al,03 support (JCPDS 29-0063)
and to the K promoter (KNOj3 (rhombohedral): 20 = 43.1°, JCPDS
03-0482; KNO3 (orthorhombic): 20 = 23.6°, 23.8°, 41.1°, JCPDS
5-0377; K20: 20 = 27.7°, 39.3°, JCPDS 23-0493). The presence of KNO3
phases indicated the incomplete decomposition of the alkali precursor
after the calcination step. In addition, a-Fe;03 (20 = 32.9°, 35.6°, 54.1°,
JCPDS 24-0072) was the only crystalline iron phase detected by this
technique in the calcined catalyst. On the other hand, Hagg-type iron
carbide (y-FesCg, 20 = 33.9°, 35.7°, 37.3°, 39.4°, 40.9°, 41.2°, 42.8°,
43.5°,44.2°, 45.0°, 50.1°, JCPDS 20-0509) was detected on the reacted
catalyst, with no apparent evidences for iron oxide phases. Although
iron carbides, and specially y-FesCo, have been long considered the
active iron phases for the formation of hydrocarbons in the Fischer-
Tropsch synthesis (FTS) reaction [35], their highly dynamic behaviour
under reaction conditions makes it hard and challenging to establish
unambiguous correlations between FTS performance and iron carbide
phase [36,37]. Nevertheless, a fair assessment of the active iron phases
and their role in the CO3 hydrogenation reaction over the multifunc-
tional catalysts studied here is beyond the scope of the present work.

3.1.2. Properties of H-ZSM-5 samples

According to XRD, both the commercial and home-prepared zeolites
exhibited only the reflections associated to the MFI topology with a high
degree of crystallinity (Fig. S2).

The bulk and near-surface Si/Al atomic ratios determined by ICP-
OES and XPS, respectively, the mean crystallite sizes, and the textural
properties measured by Ny physisorption of the zeolites are gathered in
Table 1. The alike values of bulk and near-surface Si/Al ratios found for
the commercial and nanocrystalline zeolites is indicative for an homo-
geneous composition along their crystallites. Three-cycle silylation of
the commercial MFI-c(31) sample lead to an increase in the bulk Si/Al
ratio from 31 to 34, which is fully consistent with the expected incor-
poration of ca. 4 wt% SiO, after each silylation cycle. Moreover, in
contrast to the starting MFI-c(31) sample, the XPS analysis indicated a
Si-enriched surface in the silylated counterpart (near-surface Si/Al = 41
vs. bulk Si/Al = 34) (Table 1) which can be ascribed to the deposition of
an external amorphous SiO, layer after the silylation treatment [20].
This is supported by TEM (Fig. 1) where, besides the typical lattice
stripes of the zeolite, the presence of a surface amorphous layer of ca. 5
nm thickness was evidenced.

As for the mesoporous MFI-meso(22) sample, desilication of the
starting MFI-c(22) zeolite lowered the bulk Si/Al ratio from 22 to 14 due
to the selective removal of silicon from the zeolite framework by the
basic NaOH and TBPOH reagents. Subsequent acid leaching with oxalic
acid raised the bulk Si/Al from 14 to 22 and led to a surface Si/Al ratio of
31 due to the preferential elimination of Al species from the external
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Table 1
Physicochemical properties of H-ZSM-5 samples.
Sample Si/Al at. ratio Crystallite SBET Sext” Viicro
Bulk  Near. size (nm) (m%g) (m*g) (ecm’/g)
surface”

MFI-c 10 11 ~ 900° 368 13 0.17
(10)

MFI-c 16 17 20-200¢ 372 40 0.16
(16)

MFI-c 22 23 160° 374 61 0.15
(22)

MFI-c 31 29 400-800 389 46 0.17
31

MFI-c 112 106 400-2000° 369 20 0.16
(112)

MFI-sil 34 41 400-800 330 24 0.15
(34)

MEFI- 46 47 20-40 450 170 0.13
nano
(46)

MEFI- 22 31 50-200 569 316 0.12
meso
(22)

# From XPS measurements.

b S . = external surface area.
¢ Taken from ref. [30].

4 From ref. [38].

¢ From ref. [39].

Fig. 1. TEM image of the silylated MFI-sil(34) sample. Coating by a 5 nm thick
SiO; layer at the external crystallite surface is partially marked with yel-
low lines.

surface and pore mouths of the zeolite. Finally, it is worth mentioning
that the residual Na content determined by ICP-OES (not shown) was
below 0.1 wt% for all samples.

Regarding textural properties, the commercial samples displayed
BET surface areas (362 — 389 mz/g) and micropore volumes (0.15 —
0.17 cm®/g) typical of H-ZSM-5 zeolite. The external surface area for
these samples varied from 13 to 61 m?/g showing, as expected, a general
inverse relationship with their mean crystallite size. As observed in
Table 1, the BET surface area and micropore volume of MFI-c(31) after
the 3-cycle silylation treatment were reduced by ca. 15% and 12%,
respectively, along with a decrease of about 50% in the external surface
area (from 46 to 24 m2/g). These changes in textural properties are
closely related to the presence of an amorphous external SiO layer, as
discussed beforehand (Fig. 1). Moreover, analysis by (HR)FESEM
(Fig. S3) revealed an analogous crystal morphology and crystallite size
range (400 — 800 nm) for both the silylated and the parent MFI-c(31)
samples (Table 1).
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On the other hand, the MFI-nano(46) zeolite showed significantly
higher BET and external surface areas (450 and 170 m?/g, respectively)
in comparison with the commercial samples, which is related to the
nano-sized nature of the former exhibiting aggregates of very small
crystallites sizing about 20 — 40 nm according to FESEM (Fig. S3) and
TEM (Fig. 2) images. The micropore volume of this sample (0.13 cm®/g)
was somewhat lower than that of the commercial ones, which is most
likely due to a relatively small loss of crystallinity during the air-
calcination at 550 °C performed to remove the organic matter used in
its synthesis.

As it can be seen in Table 1, the generation of mesoporosity in MFI-c
(22) by desilication at the applied alkaline conditions (Section 2.1.2)
produced a remarkable increase in the external surface area from 61 to
316 m?/g and of the BET area from 389 to 569 m?/g, accompanied by a
certain loss of micropore volume (from 0.15 to 0.12 cms/g). The mes-
oporous sample did also display a reduced crystallite size of ca. 30 —
70 nm as estimated by FESEM (Fig. S3) in comparison to the parent MFI-
c(22) sample (Table 1), which is related to the dissolution of silicon
species from the solid. The presence of intra-crystal mesopores in MFI-
meso(22), with diameters ranging about 5 — 10 nm, can be clearly
visualized as light grey regions in the TEM image of Fig. 3.

The acid properties of the H-ZSM-5 samples were studied by FTIR
spectroscopy of adsorbed pyridine (FTIR-Py) and, for selected samples,
of 2,6-di-tert-butyl pyridine (FTIR-DTBPy).

The densities of Brgnsted and Lewis acid sites determined by FTIR-Py
at different pyridine desorption temperatures (250, 350, 400 °C) are
presented in Table 2.

The results in Table 2 show that Brgnsted acid sites are by far the
most abundant in all the studied zeolites, with Brgnsted-to-Lewis (B/L)
acid site ratios of ca. 10 — 15 for the commercial samples and 3 - 6 for the
silylated, nanocrystalline, and mesoporous ones. While Brgnsted acid
sites in aluminosilicate H-zeolites are known to be related to tetrahe-
drally coordinated Al species in the crystalline framework, the Lewis
acidity is associated with the presence of Al species occupying extra-
framework positions (generally referred to as EFAL). In close agreement
with the FTIR-pyridine results, the 2Al MAS NMR spectra of the hy-
drated zeolites (Fig. 4) indicate that Al is mostly in tetrahedral coordi-
nation (AI"), characterized by the signal at ca. 52 — 54 ppm, and
therefore in the zeolite framework. Besides, the presence of a weak
signal at ~ 0 ppm of Al in octahedral coordination (A1'Y) signs for the
presence of EFAL species, albeit in a comparatively much lower con-
centration. In fact, the relative proportion of EFAL species estimated
from the integrated areas of the ALY and AIV! signals (values shown at
the right side of the corresponding spectra in Fig. 4) was between 2%
and 12% for all the zeolites except for the desilicated MFI-meso(22) one,

Fig. 2. Representative TEM image of the nanocrystalline MFI-nano(46) sample.
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Fig. 3. Representative TEM image of the mesoporous MFI-meso(22) zeolite.

Table 2
Acidity of H-ZSM-5 samples determined by FTIR of adsorbed pyridine.

Acidity (pmol/g)

Brgnsted Lewis
Sample 250 °C 350 °C 400 °C 250 °C 350 °C 400 °C
MFI-c(10) 464 355 280 56 32 20
MFI-c(16) 387 323 304 34 32 27
MFI-c(22) 295 230 169 25 21 18
MFI-c(31) 206 146 97 14 10 8
MFI-c(112) 79 50 25 7 4 2
MFI-sil(34) 176 130 92 40 27 15
MFI-nano(46) 109 87 58 16 12 7
MFI-meso(22) 187 162 108 61 57 48

for which it amounted to 23% in line with its higher concentration of
Lewis acid sites detected by FTIR-pyridine (Table 2). Since, as com-
mented before, the Brgnsted acid sites are related to tetrahedrally co-
ordinated framework Al atoms, their density should be proportional to
the amount of framework Al species. Indeed, as shown in Fig. S4, a
reasonably good linear correlation (R2 = 0.94) is obtained for the set of
zeolites used here between the density of Brgnsted acid sites measured at
a pyridine desorption temperature of 250 °C and the concentration of
framework Al calculated from the bulk Si/Al atomic ratio (ICP-OES) and
the % of Al"Y species estimated by /Al MAS NMR.

3.2. CO3 hydrogenation performance of K-Fe/y-Al;O3+H-ZSM-5
catalysts

3.2.1. Activity and product selectivity

All catalysts displayed a quite stable performance with TOS in terms
of COy conversion and selectivity of CO and of total hydrocarbons
(Fig. S5). This fact contrasts with that observed when a bulk Na-Fe3O4
catalyst instead of the supported K-Fe/y-Al,Os3 was used as iron
component of tandem catalysts prepared also by the granule-mixing
method with the same iron catalyst/zeolite mass ratio of 1:1. In that
case, a gradual decline in CO; conversion accompanied by an increase in
the selectivity of CO and CH4 was noticed since the early reaction stages
at equivalent reaction conditions (Fig. S6). These trends evidenced a
progressive loss of iron promotion due to migration of the alkali from the
iron component to the zeolite during reaction [40-42]. Therefore, the
stable behaviour observed for the tandem catalysts based on
K-Fe/y-Al;03 reported in this work suggests that alkali migration did not
occur to a noticeable extent, at least within the range of TOS studied
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Fig. 4. 2’ Al MAS NMR spectra of hydrated H-ZSM-5 samples. The percentage of
Al species in octahedral (AI'") coordination for each zeolite is shown in the
right-hand side of the corresponding spectrum.

here. The CO2 conversion, CO selectivity, and overall hydrocarbons
distribution obtained over the individual K-Fe/y-AloO3 catalyst and the
tandem K-Fe/y-Aly03+H-ZSM-5 systems are summarized in Table 3.
As seen in the table, the conversion of CO3 (X¢o2), the selectivity of
CO (Sco), and the selectivity of CH, in the hydrocarbons fraction (Sc1,
Hcs) remained almost unaltered upon the addition of zeolite to the Fe-
based catalyst (Xcoz (%) = 52.5 + 1.5, S¢o (%C) = 11.0 + 1.0, Sc1/HCs
(%C) = 22.0 + 2.0), indicating that these three catalytic parameters are
mostly driven by the iron component of the multifunctional systems.
Conversely, the presence of zeolite significantly changed the

Table 3

Catalytic performance of K-Fe/y-Al;03+H-ZSM-5 catalysts for the hydrogena-
tion of CO,. Reaction conditions: 400 °C, 30 bar, H,/CO5 molar ratio of 3.1,
space velocity (GHSV) of 4700 mL/(gge.car-h). Data averaged for the last 3 h TOS.

CO, Cco Hydrocarbons distribution (% Arom./
conv. select. Q) Cs.
Catalyst® (%) (%C) G Cs- cd- Csy  (Wt%)
oy ch
K-Fe/ 51.7 12.1 24.2 30.7 4.9 40.2 0.0
y-ALO3"
MFI-¢(10) 51.2 11.7 206 5.0 25.2 49.2  66.4
MFI-c(16) 51.9 11.6 21.7 5.0 25.0 48.3 59.0
MFI-c(22) 52.9 10.5 205 7.5 18.7 53.3 57.1
MFI-¢(31) 53.4 11.0 20.2 84 21.0 50.4 53.5
MFI-c(112) 54.0 10.4 219 356 6.3 36.2 16.1
MFI-sil(34) 52.6 10.3 21.0 124 17.8 48.8 52.3
MFI-nano 51.1 11.2 22.0 256 8.5 439 30.2
(46)
MFI-meso 53.4 10.1 211 121 17.2 49.6  49.6
(22)

@ For simplicity, only the name of the zeolite is given.
b The Fe-based catalyst produced, besides CO and hydrocarbons, oxygenates
(primarily C;-Cs alcohols) with a total selectivity of 3.8%C.
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distribution of higher hydrocarbons, i.e. Co-C4 olefins and paraffins, and
liquid (Cs.) hydrocarbons, in different extents depending on the specific
H-ZSM-5 zeolite used. As a general trend, the tandem catalysts displayed
lower selectivity of light olefins (C3-Cz) and higher selectivity of Cs
hydrocarbons and light paraffins (C3-C%) in comparison to the bare Fe-
based catalyst. As observed in the last column of Table 3, the
enhanced selectivity of liquid hydrocarbons (Cs.) on the tandem cata-
lysts is mostly related to the formation of aromatics which represented,
for most of the zeolites, more than 50% of the Cs, fraction. Moreover,
the hydrogen released in the aromatization reactions accounts for the
saturation of olefins causing the observed decrease in the selectivity of
C3-C7 and the concomitant increase in C3-CJ leading to a decreased
olefin-to-paraffin ratio. In fact, the olefin-to-paraffin ratio for Cy-C4
hydrocarbons exhibits a nearly linear decreasing trend with the con-
centration of aromatics in the Cs, fraction (Fig. S7). It is interesting to
note that the catalyst containing the zeolite with the highest Si/Al ratio,
MFI-c(112), exhibited a remarkable selectivity of valuable lower olefins
(C3-C%) of 35.6%, exceeding that of the bare Fe catalyst (30.7%). The
enhanced C3-Cjy selectivity of this catalyst could be related to the acidity
of this zeolite, too low to form aromatics in high amounts, as will be
discussed in Section 3.2.2, but high enough to promote the cracking of
heavier olefins produced over the Fe-based component. The lower
selectivity of Cs; hydrocarbons of K-Fe/y-Al,O3+MFI-c(112) (36.2%)
with respect to the single iron catalyst (40.2%) provides support to the
above explanation.

The most determinant zeolite properties for the formation of aro-
matics in the hydrogenation of CO, over this type of multifunctional
catalysts will be discussed in the next section.

3.2.2. Influence of zeolite properties on aromatics formation

The olefin intermediates formed on the iron catalyst are transferred
to the zeolite where the aromatization reactions take place via acid
catalysis. Since Brgnsted acid sites are generally the predominant type of
acid sites in zeolites, as it is the case of the H-ZSM-5 samples studied here
(Table 2), it seems reasonable that their concentration and/or strength
should play an essential role in determining the aromatics selectivity. To
this purpose, in Fig. 5 we have plotted the initial (at TOS ~ 1.5h)
selectivity to aromatics within hydrocarbons as a function of the density
of Brgnsted acid sites (BAS) of different acid strength as follows: BAS-w
(weak BAS calculated as the difference between those retaining pyridine
at 250 °C and at 350 °C), BAS-s+vs (strong+very strong BAS measured
at a pyridine desorption temperature of 350 °C), and BAS-vs (very strong
BAS retaining pyridine at 400 °C). As observed in Fig. 5, the aromatics
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Fig. 5. Initial (TOS = 1.5h) selectivity of aromatics in hydrocarbons as a
function of the density of weak (BAS-w), strong+very strong (s+vs), and very
strong (BAS-vs) Brgnsted acid sites in H-ZSM-5 zeolite (see text). Reaction
conditions: 400 °C, 30 bar, H,/CO, molar ratio of 3.1, space velocity (GHSV) of
4700 mL/(gpe.carh).
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selectivity showed an initial rapid rise with the concentration of
Brgnsted acid sites followed by a smoother increase above a certain site
density, in close agreement with the trend observed by Wei et al. [21] in
the hydrogenation of CO2 to aromatics over composite
Na-Fe3O04+H-ZSM-5 catalysts. The similar dependence of the aromatics
selectivity with the amount of Brgnsted acid sites of different acid
strength (Fig. 5) suggests that all Brgnsted acid sites titrated by pyridine
at 250 °C should be involved in the aromatization of olefin in-
termediates at the relatively high reaction temperature (400 °C)
employed in our study. Nonetheless, we observed a certain positive
correlation between the aromatics selectivity and the fraction of strong
Brgnsted acid sites, expressed as the ratio of the amount of acid sites
retaining pyridine at 400 °C to those at 250 °C (BAS400/BAS2s5( ratio)
(Fig. S8), pointing towards a more favourable formation of aromatics on
the sites with higher acid strength.

On the other hand, the fact that a minimum density of Brgnsted acid
sites is required to achieve high selectivity to aromatics could be linked
with the presence of the so-called Al pairs, more abundant in the samples
with higher framework Al content, on which aromatics were proposed to
be preferentially formed from either olefins [43] or methanol [44].
Therefore, from the results discussed beforehand we may conclude that,
under our reaction conditions, the zeolite Brgnsted acidity is a more
relevant parameter determining the aromatics selectivity than either
crystallite size or mesoporosity.

In a previous study, the formation rate of aromatics from syngas over
a tandem Na-Fe-ZrOy/H-ZSM-5 catalyst was found proportional to the
number of Lewis acid sites that would be active for olefin aromatization
through the dehydroaromatization mechanism [9]. However, in the
present work we didn’t find a clear relationship between the selectivity
of aromatics and the concentration of Lewis acid sites (at any pyridine
desorption temperature) or the Lewis-to-Brgnsted acid site (LAS/BAS)
ratio (Fig. S9). Thus, our results point to a minor role (if any) of
Lewis-type acid sites in the aromatization reactions, at least in our
conditions. In the same line, several other studies also concluded that
Brgnsted acid sites played a more relevant role than Lewis acid sites in
the aromatization of olefins over H-ZSM-5 [14,43].

In spite of the stable performance in terms of CO, conversion and CO
and hydrocarbons selectivity observed for the K-Fe/y-AloO3+H-ZSM-5
catalysts (Fig. S5), a progressive decline of aromatics selectivity with
TOS was noticed (Fig. 6). Such deactivation behaviour is common dur-
ing aromatization reactions over H-ZSM-5 and is generally attributed to
deposition of coke on the zeolite acid sites [4,5,14,45].

—B— MFI-c(10) —A— MFl-c(22) MFIl-c(112) —%— MFl-nano(46)
—@— MFI-c(16) —¥— MFI-c(31) —4— MFl-sil(34) —@— MFl-meso(22)

40 b

30

T

10

Aromatics in HCs (wt%)

TOS (h)

Fig. 6. Variation of the selectivity of aromatics in the hydrocarbons fraction as
a function of TOS for the tandem K-Fe/y-Al;03+H-ZSM-5 catalysts. Reaction
conditions as in Fig. 5. For the sake of clarity, only the name of the zeolite is
shown in the legend.
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As inferred from Fig. 6, the relative loss of aromatics selectivity in the
range of TOS of ca. 1.5 — 8.5 h is remarkably higher (66 — 68%) for the
catalysts comprising the MFI-c(112) and the nanocrystalline MFI-nano
(46) samples in comparison with the rest of catalysts, which present
relative losses of 20 — 30%. Considering that a minimum amount of
Brgnsted acid sites is required to promote the formation of aromatics
(Fig. 5), it seems reasonable to speculate that deposition of coke should
have a more drastic effect on aromatics selectivity in the MFI-c(112) and
MFI-nano(46) zeolites possessing the lowest amount of Brgnsted acid
sites (Table 2) and, expectedly, of Al pairs that, as discussed before, are
believed to play a relevant role in the aromatics formation. In the case of
the MFI-nano(46) zeolite comprising small crystallites sizing only 20 —
40 nm (Fig. 2) and thus high external surface area (Table 1), a higher
contribution of side reactions occurring on the unconstrained external
acid sites leading to coke would also probably contribute to its relatively
high loss of aromatization activity [24].

3.2.3. Formation of BTEX aromatics

Among the aromatic hydrocarbons, the fraction constituted by ben-
zene, toluene, ethylbenzene, and xylenes (BTEX) is the most demanded
and thus of higher economic value. The selectivity of BTEX in the total
aromatics fraction obtained in the present work on the tandem K-Fe/
v-Aly03+H-ZSM-5 catalysts, averaged for TOS = 5.5 - 8.5 h, is shown in
Fig. 7. As observed in the figure, the catalyst that exhibited the highest
BTEX selectivity (74.6 wt% of total aromatics) was that based on the
silylated MFI-sil(34) zeolite, followed by that containing the commercial
MFI-c(10) zeolite with the lowest Si/Al ratio (70.2 wt%). On the oppo-
site side, the nano-sized MFI-nano(46) zeolite showed the lowest BTEX
selectivity (35.7 wt%) while that of the desilicated MFI-meso(22) sam-
ple was also comparatively low (46.2 wt%).

For catalysts based on the (untreated) commercial zeolites, the BTEX
selectivity exhibited a general increasing trend from 42.3 to 70.2 wt%
with increasing the total amount as well as the fraction of strong
Brgnsted acid sites (Fig. S10), suggesting that, similar to what was
concluded for total aromatics (Fig. 5), both parameters would positively
affect the BTEX selectivity. However, a clear correlation between BTEX
selectivity and Brgnsted acidity, both in terms of density and strength,
could not be evidenced when considering the whole set of zeolites
(Fig. S11). Indeed, as highlighted in Fig. S11, the catalysts based on MFI-
c(31), MFI-meso(22), and MFI-sil(34) having comparable density (176 —
206 pmol/g) and strength (BAS400/BASgso ratio = 0.47 — 0.58) of
Brgnsted acid sites displayed extremely different BTEX selectivity values
(46.2 — 74.6 wt%). At this point, it should be considered that the for-
mation of light BTEX aromatics preferentially occurs on the acid sites
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Fig. 7. BTEX selectivity in total aromatics for the tandem K-Fe/y-Al,O3+H-
ZSM-5 catalysts. Reaction conditions as in Fig. 5. For the sake of clarity, only
the name of the zeolite is displayed in the x-axe.
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located within the zeolite micropores while those at the external surface
are less selective to this fraction by promoting the formation of heavier
aromatics through secondary reactions of the lighter ones [46].

In order to assess the influence of the external Brgnsted acid sites on
BTEX selectivity without being masked by the possible contribution of
the total Brgnsted acidity, as discussed beforehand, we measured the
FTIR spectra of adsorbed 2,6-di-tert-butyl pyridine (FTIR-DTBPy) for the
three zeolites mentioned before displaying alike total Brgnsted acidity
albeit quite distinct BTEX selectivity. The corresponding spectra in the
region where the IR band at 1615 cm™ attributed to the ring vibration of
protonated 2,6-DTBPy (2,6-DTBPyH™") appears [33] are presented in
Fig. 8. As observed, the intensity of the band at 1615 cm! for the sily-
lated sample (I;615 = 0.008 a.u.) was reduced by ca. 90% with respect to
its original MFI-c(31) counterpart (I1615 = 0.074 a.u.), signing for a
concomitant decrease in the concentration of external Brgnsted acid
sites. On the contrary, the intensity of this band in the desilicated
MFI-meso(22) (I;615 = 0.539 a.u.) sample was about 7 and 67 times
higher than in MFI-c(31) and MFI-sil(34), respectively. This implies an
equivalent increase in the amount of accessible external Brgnsted acid
sites in the former as a consequence of the abundant mesopores gener-
ated in the desilication process (Table 1, Fig. 3).

Looking back to the results in Fig. 7, an inverse correlation between
the BTEX selectivity and the external Brgnsted acidity becomes evident
for these three zeolites possessing comparable total Brgnsted acidity,
with the catalyst based on the surface-passivated MFI-sil(34) zeolite
exhibiting the maximum BTEX selectivity of ca. 75% in the aromatics
fraction. This value is among the highest reported in CO, hydrogenation
through the FT-mediated route over composite Fe-based+H-ZSM-5
catalysts [21]. We can thus conclude that, although both the total
density of Brgnsted acid sites and the accessible ones on the external
surface were shown to affect the formation of BTEX at the conditions
studied here, the latter parameter was undoubtedly the most determi-
nant to achieving high BTEX selectivity.

4. Conclusions

In this study, a set of eight commercial and home-prepared H-ZSM-5
samples with varying acidity, crystallite size, and mesoporosity was used
to assess the most relevant zeolite parameters determining the selec-
tivity of aromatics as well as of the most valuable BTEX fraction in the
hydrogenation of CO, over tandem K-Fe/y-Al,O3+H-ZSM-5 catalysts.
The selectivity of aromatics in hydrocarbons was found to rapidly rise
with the density of Brgnsted acid sites (BAS) of H-ZSM-5 zeolite up to a
certain value above which it increased smoothly. Even though our re-
sults suggested that, at the relatively high reaction temperature used in
this study (400 °C), all BAS titrated by pyridine at 250 °C participated in
the aromatization of the olefin intermediates, the formation of aromatics
appeared to be favoured on the acid sites of higher strength. Accord-
ingly, a maximum initial (at ca. 1.5 h TOS) aromatics selectivity of about
79% in Cs; (~ 40% in total hydrocarbons) was reached for the zeolite
with SiAl = 10 possessing the highest density of total BAS and a high
fraction of strong-to-total BAS. All catalysts displayed a gradual loss of
aromatics selectivity with TOS, much less pronounced (20 — 25% rela-
tive to the initial values after ca. 8.5 on stream) for those containing
zeolites with high density of BAS. On the other hand, we didn’t find any
clear correlation between the aromatics selectivity and the amount of
Lewis acid sites, signing for a minor role (if any) of this type of acid sites
in the olefin aromatization reactions. Moreover, although a general
positive influence of the concentration and strength of BAS on the
selectivity of BTEX aromatics was inferred in this work, the external
Brgnsted acidity was found the most relevant zeolite property for the
selective formation of BTEX. Indeed, for zeolites MFI-c(31), MFI-sil(34),
and MFI-meso(22) possessing a comparable density and strength of BAS,
an inverse correlation between the BTEX selectivity and the external
Brgnsted acidity, qualitatively assessed by FTIR-DTBPy, was clearly
observed. Particularly, the MFI-sil(34) sample that was submitted to a
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Fig. 8. FTIR-DTBPy spectra of MFI-c(31), MFI-sil(34), and MFI-meso(22) zeo-
lites. The spectra were normalized to sample weight.

surface-passivation treatment by silylation achieved a remarkably high
BTEX selectivity (in aromatics) of 75%, which stands out among the
highest values reported in the hydrogenation of CO5 over Fe-based+H-
ZSM-5 catalysts following the FT-mediated route.
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