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Executive Summary

This Deliverable 3.9 "Structure-performance correlations & principles of catalyst performance"
is a public document produced in the framework of the CO,SMOS project. The deliverable
reports the main activities performed by CSIC-ITQ under subtask 3.4.2 regarding the final
development and performance optimization of the tandem oxide-zeolite catalysts described in
the previous deliverable D3.8, and the establishment of the principles that govern their catalytic
performance in the conversion of CO,-derived syngas to aromatics (STA) and particularly to the
most valuable BTX and PX aromatics.

The deliverable describes first the formulation and synthesis conditions of the optimized metal
oxide (Zn-ZrO3) and zeolite (H-ZSM-5) components of the tandem catalytic system. Then, an
exhaustive physicochemical characterization study of the zeolite using different techniques is
carried out in order to elucidate the main properties driving its catalytic performance in the STA
reaction. The results of this study revealed a positive linear correlation between the total
amount of Brgnsted acid sites and the selectivity of total aromatics. On the other hand, the
effective elimination (> 90%) of the external Brgnsted acid sites, achieved by submitting the
zeolite to 3 consecutive silylation cycles, in combination with the subtle reduction in the size of
micropores by incorporating 3 wt% Mg were the key factors for achieving high selectivity of BTX
and PX.

The catalytic performance of the selected tandem catalyst is evaluated under a wide range of
operating conditions, including temperature, pressure, H,/CO ratio, space velocity, and
oxide:zeolite ratio to determine their impact on the activity and selectivity. Next, the stability of
the catalyst is assessed in a long-term run lasting 100 h under suitable reaction conditions. Under
pseudo-steady state conditions (TOS > 50 h), the catalyst exhibit relatively good stability during
the STA reaction, particularly regarding the BTX and PX selectivity.

Finally, the dataset gathered at different operating conditions is used to develop a suitable
kinetic model for the STA process. The model demonstrated a good prediction capability of the
experimental results under a broad range of reaction conditions.



1. Objective and scope of the deliverable

The main objective of this deliverable D3.9 is to establish the main principles of functioning of
the tandem oxide-zeolite catalyst reported in deliverable D3.8 for the selective conversion of
syngas to aromatics and, particularly, to the most valuable BTX and PX monomers. First, the
formulation and detailed synthesis of the optimized BTX/PX-selective catalyst is described in
Section 2. The main body of the deliverable comprises the characterization of the selective H-
ZSM-5 zeolite through specific techniques (Section 3) and, based on this, the elucidation of the
zeolite properties driving the activity and selectivity of the catalyst through the establishment
of structure-performance correlations (Section 4). Next, the influence of reaction conditions on
the STA performance of the selected catalyst is presented in Section 5. Then, Section 6 shows
the results of the stability test of the catalyst in a long-term run lasting 100 h. The set of catalytic
data collected at different reaction conditions is then used to develop a suitable kinetic model
for the STA process over the BTX/PX-selective catalyst as described in Section 7. The main
conclusions derived from the activities reported in this deliverable are summarized in Section 8.
Finally, the list of references to previous works and of the abbreviations employed through the
report are presented in Sections 9 and 10, respectively. An Appendix is provided at the end of
the document with detailed catalytic data collected at different conditions (A1) and the full
dataset used for the kinetic modelling study (A2).

2. Optimized catalyst formulation and synthesis

The catalysts developed in the frame of the CO2SMOS project for the direct (one-step) syngas-
to-aromatics (STA) process relied on the oxide-zeolite (OXZEO) concept, in which a metal oxide
responsible for the conversion of syngas to methanol as intermediate product is combined with
the medium pore H-ZSM-5 zeolite that subsequently transforms the oxygenated intermediate
into the desired aromatic hydrocarbons. According to the catalyst optimization studies reported
in deliverable D3.8, the selected metal oxide comprised a high surface area Zn-doped ZrO; oxide
with an atomic Zn/Zr ratio of 1/50 (abbreviated as 1Zn50Zr). As for the H-ZSM-5 zeolite
component, different requirements were found depending on whether the STA process targeted
to maximize the selectivity of total aromatics or of the most valuable BTX and PX monomers.
Hence, the zeolite displaying the highest selectivity of total aromatics (72.8% in hydrocarbons)
was the H-ZSM-5 sample with Si/Al ratio of 31 (denoted as HZ31), while the highest BTX and PX
selectivity (BTX/aromatics = 66.5%, PX/aromatics = 38.7%, PX/xylenes = 71.8%) was achieved for
the HZ31 zeolite submitted to 3-cycles silylation followed by the incorporation of 3 wt% Mg
(sample named as 3Mg/HZ31@Sil-3).

The experimental procedures for the preparation of the metal oxide, the aromatics- and BTX/PX-
selective zeolites, and the tandem oxide-zeolite catalysts are detailed below.

Synthesis of Zn-ZrO, oxide (1Zn50Zr)

First, an amorphous zirconium oxyhydroxide (ZrOx(OH)s.2«) is prepared by precipitation of
zirconyl chloride octahydrate (ZrOCl,:8H,0) in a buffer NH4,OH (2M)/NH4Cl (2M) solution to keep
the pH constant at 10.5. The solid obtained is filtered and exhaustively washed with distilled
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water until the absence of chloride. Then, the wet precipitate is suspended in a basic solution of
NH4OH (pH = 10.5), aged under reflux at 115 °C overnight, filtered, washed with distilled water,
and dried in an oven at 60 °C for 12 h. Subsequently, the dried precipitate is impregnated via
incipient wetness with an aqueous solution of zinc nitrate (Zn(NOs),:6H,0) in the required
concentration to achieve a Zn/Zr molar ratio of 1/50. The impregnated solid is then dried at 100
°C overnight and finally calcined under flowing air at 500 °C for 5 h using a ramp of 1 °C/min.

Synthesis of aromatics-selective HZ31 zeolite

The starting ZSM-5 zeolite was the commercial CBV8020 material (Si/Al ratio = 31), supplied by
Zeolyst International in the ammonium form (NH;*-ZSM-5). The HZ31 zeolite was obtained by
calcination of NH4*-ZSM-5 in a muffle oven using the following thermal protocol: 1) heating from
room temperature to 350 °C at a rate of 2 °C/min, 2) holding at 350 °C for 2 h, 3) heating from
350 °Cto 500 °C at 2 °C/min, and 4) holding at 500 °C for 3 h.

Synthesis of BTX/PX-selective 3Mg/HZ31@Sil-3 zeolite

Preparation of the BTX/PX-selective 3Mg/HZ31@Sil-3 zeolite involved the following three steps:

1. Treatment with CTAB. The NH;*-ZSM-5 sample is mixed with an aqueous solution of
cetyltrimethylammonium bromide (CTAB, 3 g/L) in a zeolite:CTAB solution mass ratio of 1:20
and maintained under agitation at room temperature for 19 h. The solid is recovered by
filtration, washed with distilled water, dried at 80 °C overnight, and finally calcined under flowing
air at 500 °C for 5 h using a heating rate of 1 °C/min.

2. Surface silylation. The CTAB-treated sample is suspended in n-hexane and refluxed at 60 °C
for 30 min under agitation. Next, an amount of a tetraethoxysilane (TEOS) solution equivalent
to 4 wt% SiO; is added to the above suspension and the mixture is refluxed for 1 h at 60 °C under
agitation. The n-hexane solvent is then slowly removed in a rotary evaporator, the solid is dried
at 100 °C overnight, and finally calcined in flowing air at 500 °C for 4 h with a heating rate of 1
°C/min. This procedure is repeated for 3 times.

3. Incorporation of MgO. The 3-cycles silylated HZ31@Sil-3 sample is impregnated via incipient
wetness with an aqueous solution containing the required amount of Mg(NOs),-6H,0 to achieve
a Mg loading of 3 wt%. The impregnated solid is dried at 100 °C overnight and calcined in a
muffle oven at 500 °C for 4 h using a heating rate of 1 °C/min.

Preparation of tandem oxide-zeolite catalysts

The tandem catalysts were prepared by the so-called powder mixing (PM) method. In this
method, the 1Zn50Zr oxide and either the HZ31 or 3Mg/HZ31@Sil-3 zeolite powders are
homogeneously mixed in a mortar in a 1:1 mass ratio. The mixture is then pelletized, crushed,
and sieved to the 0.2 — 0.4 mm fraction before loading the catalyst in the STA reactor.



3. Characterization of zeolites

The basic properties (i.e., chemical composition, textural properties, crystallite size, and total
Brgnsetd acidity) of the HZ31 and 3Mg/HZ31@Sil-3 zeolites determined by different
characterization techniques were reported in the deliverable D3.8. In the present deliverable
D3.9, additional characterizations were performed in order to derive the main zeolite properties
driving the selective formation of the desired BTX and PX aromatic monomers. The
characterization techniques employed to this purpose were: X-ray diffraction (XRD), nitrogen
adsorption, Fourier-transform infrared spectroscopy of adsorbed pyridine (FTIR-Py) and 2,6-di-
tert-butylpyridine (FTIR-DTBPy), X-ray photoelectron spectroscopy (XPS), and argon adsorption.
The information derived from each of these techniques and the experimental conditions of the
analyses are described below.

XR

Powder X-ray diffraction (XRD) was performed 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). The average crystallite size of the phases was estimated by
applying the Scherrer’s equation to the most intense peak (20), after background subtraction
and correction for instrumental broadening.

Nitrogen adsorption

Textural properties of the zeolites were determined by N, adsorption. The isotherms were
recorded at -196 °C on an ASAP-2000 (Micromeritics) equipment after pretreating the samples
at 400 °C and vacuum overnight. Specific surface areas were obtained by the BET method, pore
size distributions were derived from the adsorption isotherms by using the Barrett-Joyner-
Halenda (BJH) model. The area and volume of micropores was calculated using the t-plot
approach.

FTIR-Py

FTIR spectroscopy of adsorbed pyridine was employed to quantify the total amount of Brgnsted
and Lewis acid sites of the zeolites. The spectra were recorded in a Nicolet 710 FTIR
spectrometer for self-supported wafers (10 mg/cm?) after pretreating the samples at 400 °C
overnight under dynamic vacuum of 10* Pa. Afterwards, 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 °C. Then, the spectrum was 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 [1].

FTIR-DTBPy

FTIR spectroscopy of adsorbed 2,6-di-tert-butylpyridine, a probe molecule with molecular
dimensions too large to enter the 10-ring channels of zeolite ZSM-5, has been applied to
characterize the Brgnsted acid sites localized at the external surface of the crystallites [2,3].
Here, we employed this technique to determine the relative concentration of external Brgnsted
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acid sites in the HZ31 before and after the surface silylation treatment and to correlate these
values with the BTX selectivity.

The FTIR-DTBPy spectra were recorded in a Nicolet 710 FTIR spectrometer using self-supported
wafers of ca. 10 mg/cm?. Prior to the measurements, the zeolites were dehydrated at 400 °C for
12 h under dynamic vacuum of 102 Pa. Afterwards, the samples were saturated with 2,6-di-tert-
butylpyridine at 150 °C for ca. 15 min, evacuated for 1 h at this temperature, and the spectrum
recorded at room temperature. The integrated intensity of the IR band at ca. 1615 cm™
attributed to the ring vibration of the protonated 2,6-di-tert-butylpyridine molecule (DTBPy-H*)
was used to estimate the external Brgnsted acidity of the parent and silylated zeolites.

XPS

XPS is a surface sensitive technique that is used to analyse the composition, relative abundance,
and chemical state (through the determination of binding energies) of a wide range of elements
in the outermost layer (ca. 8 — 10 nm) of diverse materials. In the project, XPS analysis was used
to study the state of surface Mg species in the silylated HZ31@Sil-3 zeolite after being loaded
with different amounts of Mg (xMg/HZ31@Sil-3, x = 1, 2, 3, 4 wt% Mg).

XPS measurements were performed in a SPECS spectrometer equipped with a 150-MCD-9
detector using a non-monochromatic AlK, (1486.6 eV) X-ray source. The spectra were recorded
using an analyser pass energy of 30 V and an X-ray power of 200 W at an operating pressure of
107° mbar. Binding energy (BE) values were calibrated using the C 1s line at 284.8 eV as internal
reference. Treatment of the spectral signals was performed using the CASA software.

Argon adsorption

The textural properties (i.e., specific surface area, pore volume, pore size distribution, etc.) of
many porous solids, including zeolites, are routinely determined from the nitrogen (Na)
adsorption isotherms at the temperature of liquid nitrogen (-196 °C). However, in the particular
case of microporous materials like zeolites, characterization of the microporosity with N>
adsorption becomes problematic because filling of micropores (0.5 — 1 nm) occurs at relative
pressures of 107 to 10° where the rate of diffusion and adsorption equilibration is extremely
slow. Additionally, the N, molecule has quadruple moment that can specifically interact with
distinct functional groups or charges in the zeolite channels. These factors affect the orientation
of N2 molecules adsorbed on the zeolite surface and the micropore filling pressure, making the
correlation between micropore filling pressure and size of micropores difficult. Different from
N,, interaction of argon (Ar) atoms with the adsorbent surface occurs mainly via Van der Waals
forces and is thus hardly affected by the functional groups or ions present in zeolites. Moreover,
filling of micropores by Ar at liquid Ar temperature (-186 °C) takes place at higher relative
pressures (10° to 103) in comparison with N, resulting in a higher accuracy in the micropore
range. In fact, Ar adsorption at -186 °C is recommended by the IUPAC for the analysis of
micropores in zeolites [4]. In our study, we used Ar adsorption to detect subtle changes in the
micropore size/distribution of zeolite ZSM-5 induced by the incorporation of Mg species.



The Ar adsorption isotherms were measured at -186 °C in an Autosorb iQ (Quantachrome
Instruments) equipment. Micropore sizes and size distributions were determined using the NL-
DFT approach.

4. Structure-performance correlations

In this section, the results of the above characterizations are used to derive the relevant zeolite
properties that mostly determine the catalytic performance in the STA reaction of tandem
1Zn50Zr+HZ31 catalysts, with a particular focus on the impact of the surface silylation treatment
and of the subsequent Mg incorporation on the selectivity to the targeted BTX and PX aromatics.
Unless otherwise stated, all the catalytic data reported in this section were obtained at the
following standard reaction conditions: 400 °C, 30 bar, H/CO = 2, GHSV = 8.5 Leyngas/ (oxide*h).

Surface silylation

The STA performance of catalysts based on the parent HZ31 and the zeolites submitted to 1, 3,
and 5 silylation cycles (HZ31@Sil-x, x = 1, 3, 5) is compared in Table 1. As seen in the table, the
CO conversion and the total aromatics selectivity experienced minor changes upon 1-cycle
silylation of HZ31 while both parameters progressively declined with the increase in the number
of silylation cycles to 3 and then to 5. While correlating the CO conversion with a specific zeolite
property is not straightforward given the different equilibrium reactions involved in the STA
process (see reaction scheme in Figure 3 of deliverable D3.8), Brgnsted acid sites (BAS) are
known to play a relevant role in the aromatization of methanol on zeolites. In our study, a
reasonably good linear correlation between the selectivity of aromatics and the total
concentration of BAS measured by FTIR-Py is clearly in Figure 1. Therefore, it can be concluded
that the total Brgnsted acidity of the zeolite is the main driving force for the selective formation
of aromatics in our tandem catalysts at the applied reaction conditions.

Table 1. Influence of the number of silylation cycles on the STA performance of tandem catalysts.

CO conversion Aromatics in BTX in PXin
Zeolite (%) hydrocarbons (%)  aromatics (%) aromatics (%)
HZ31 22.5 72.8 19.0 4.3
HZ31@Sil-1 21.5 76.7 23.9 7.6
HZ31@Sil-3 18.5 65.5 57.1 18.0
HZ31@Sil-5 18.2 56.3 56.7 21.3
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Figure 1. Correlation between the aromatics selectivity and the total amount of Brgnsted acid
sites for the HZ31 zeolite and its silylated counterparts.

On the other hand, the selectivity of BTX and PX aromatics experienced a significant increase
upon increasing the number of silylation cycles from 1 to 3 and then changed little with the
further increase from 3 to 5 silylation cycles (Table 1), evidencing a lack of correlation between
the BTX/PX selectivity and the total Brgnsted acidity. This is not surprising considering that the
formation of these light (Cs-Cs) aromatics takes place on the internal BAS located within the
zeolite micropores while unconstrained BAS at the external surface of the zeolite crystallites
may promote the alkylation of BTX with methanol/olefin intermediates leading to bulkier (Co.)
aromatics. Therefore, the concentration of external (unselective) BAS would expectedly play a
key role in determining the selective formation of the desired BTX/PX aromatics. In this respect,
we employed the adsorption of the bulky 2,6-di-tert-butylpyridine (DTBPy) molecule followed
by FTIR spectroscopy to estimate the external Brgnsted acidity of the non-silylated and silylated
zeolites. The corresponding FTIR-DTBPy spectra in the region where the band at ca. 1616 cm™?
associated to DTBPy interacting with BAS (DTBPy-H*) appears are presented in Figure 2.
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Figure 2. FTIR-DTBPy spectra normalized to sample weight of HZ31 and the zeolites submitted
to 1, 3, and 5 silylation cycles.

The results in Figure 2 clearly evidence a certain decrease in the intensity of the 1616 cm™ IR
band upon silylation of HZ31 even for 1 cycle. Moreover, the band intensity gradually declines
with the increase in the number of silylation cycles, implying a parallel reduction in the
concentration of external BAS. The integral intensity values of the 1616 cm™ band for the
silylated samples relative to the intensity of the pristine HZ31 zeolite (taken as 100) derived from
the FTIR-DTBPy spectra are given in Table 2. As observed, a single silylation cycle reduced the
band intensity by 74%. The reduction was further increased to 90% and 94% after 3 and 5
silylation cycles, respectively.

Table 2. Integral intensity of the protonated DTBPy IR band in the silylated zeolites relative to
that of the HZ31 sample.

Relative integral intensity of 1616 cm™ band
HZ31 HZ31@Sil-1 HZ31@Sil-3 HZ31@Sil-5
100 26 10 6

Figure 3 shows the change in the selectivity of BTX and PX aromatics as a function of the % of
reduction of external BAS based on the relative integral intensity values in Table 2 which are, as
commented, proportional to the concentration of external BAS. These results evidenced that a
high degree of passivation of external BAS (> 90%), achieved only after multiple silylation cycles,
is required to reach high selectivity of BTX and PX aromatics.
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Figure 3. BTX/PX selectivity as a function of the % reduction of external BAS calculated from
the relative integral intensity of the 1616 cm™ band of protonated DTBPy for the HZ31 zeolite
and the silylated samples.

The remarkable increase in both BTX and PX selectivity observed after multiple silylation
treatments is associated to the formation of an external layer of amorphous silica covering most
of the BAS located at the outer zeolite surface and consequently reducing the extent of
undesired side reactions such as aromatics alkylation and condensation leading to bulkier
aromatics.

Incorporation of MgO

The STA catalyst development activities reported in D3.8 revealed that the incorporation of an
optimum amount of MgO to silylated zeolites was essential to achieve high selectivity to the
most valuable PX monomer. The influence of the loading amount of Mg to the 3-cycle silylated
HZ31 zeolite (HZ31@Sil-3) on the STA performance is presented in Table 3.

Table 3. Influence of Mg content on the STA performance of tandem catalysts comprising the
silylated HZ31@Sil-3 zeolite.

Mg content CO conversion Aromatics in BTX in PXin
(wWt%) (%) hydrocarbons (%)  aromatics (%) aromatics (%)

0 18.5 65.5 57.1 18.0

1 20.6 56.0 63.6 21.7

2 17.7 52.7 67.7 29.7

3 16.2 53.0 66.4 38.6

4 17.3 57.7 61.2 22.5
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These data show that the concentration of Mg had minor effect on CO conversion. The aromatics
selectivity, however, displayed a decreasing trend with the raise in Mg content from 1 to 3 wt%
and then increased for the zeolite loaded with 4 wt%. On the other hand, the BTX selectivity
raised up to a Mg loading of 2-3 wt% and decreased for the 4 wt% Mg sample. The PX selectivity,
in turn, exhibited a maximum for the zeolite loaded with 3 wt% Mg.

In order to account for the changes in selectivity upon incorporation of different amounts of Mg,
the zeolites were characterized by different techniques.

The textural properties and total amounts of Brgnsted acid sites of the Mg-free and Mg-
containing zeolites measured by, respectively, N, adsorption and FTIR-Py are given in Table 4.

Table 4. Physicochemical properties of the silylated HZ31@Sil-3 zeolite.

BET area Sticro® Vimicro® BAS®
Zeolite (m?/g) (m?/g) (cm*/g) (umol/g)
Hz31@sil-3 334 309 0.151 97
1Mg/HZ31@Sil-3 309 285 0.140 59
2Mg/HZ31@5il-3 298 276 0.136 43
3Mg/HZ31@S5il-3 276 257 0.127 35
4Mg/HZ31@5il-3 262 245 0.122 77

As observed in Table 4, loading of HZ31@Sil-3 with increasing amounts of Mg produced a
progressive reduction in the BET surface area accompanied by a concomitant decrease in the
area and volume of micropores. This signs for a certain blockage of the zeolite channels by the
deposited Mg (oxide) species which becomes more prominent as the amount of Mg increases.
In fact, the presence of MgO nanoparticles was evidenced by XRD (reflection at 26 = 42.9° [5])
for samples with Mg content above 2 wt% (Figure 4). The higher intensity of the MgO-related
reflection with Mg loading indicates an increasing formation of larger MgO nanoparticles (> 5
nm) on the external zeolite surface that might be blocking the entrance of some of the
micropores.
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Figure 4. X-ray diffraction patterns of HZ31@Sil-3 and xMg/HZ31@Sil-3 zeolites (x = 1-4). The
right-side graph shows a zoomed view for the region of the most intense MgO reflection (26
=42.9°).

The concentration and chemical state of Mg species on the zeolite surface was analysed by XPS.
According to this technique, the Mg/Si weight ratio at the outermost surface layer (penetration
depth of the X-rays of 8 — 10 nm) of zeolite crystallites exhibited a nearly exponential increase
with the Mg content (Figure 5). This trend reveals the growing proportion of Mg species
deposited on the external crystal surface as the Mg content in the zeolite increases.
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Figure 5. XPS-derived Mg/Si weight ratio as a function of Mg content for xMg/HZ31@Sil-3
zeolites (x = 1-4).

The XP spectra at the Mg 1s core level displayed in Figure 6 show the presence of a symmetrical
signal at binding energy (BE) of 1304.8 eV for all the Mg-modified zeolites. While this BE value
indicates that Mg is present as MgO on the zeolite surface, the fact that it is slightly lower than
that reported for bulk MgO (1303.9 eV [6]) suggests some electronic interaction of the MgO
species with the zeolite.
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Figure 6. Mg 1S XP spectra of zeolites loaded with different amounts of Mg.

The results in Table 4 also show that the addition of Mg lowered the total amount of Brgnsted
acid sites which can be partly related with a partial pore blockage by MgO hindering the access
of pyridine molecules to the internal sites. However, the relative reduction in micropore volume
for the Mg-containing zeolites with respect to the starting HZ31@Sil-3 zeolite, taking into
account the dilution effect caused by the (non-porous) MgO species, is the range of 5 to 15%
while the relative reduction in Brgnsted acidity ranges 20 to 60%. This indicates that pore
blockage is not the main reason for the observed decrease of the amount of Brgnsted acid sites
after incorporation of Mg. In this respect, the possibility that some Brgnsted acid sites (H*) in
the zeolite micropores are exchanged by Mg?* cations during the impregnation of the zeolite
with the Mg precursor salt has to be considered as a potential source of the loss of Brgnsted
acidity. The presence of exchanged Mg?* species in the zeolite pores can be inferred from the
appearance of a band at 1450 cm™ (absent in the silylated Mg-free zeolite) in the region of the
FTIR-Pyr spectra corresponding to pyridine interacting with Mg?*-related Lewis acid sites (LAS)
(Figure 7). The intensity of this band first increased with the Mg content up to 3 wt% and then
diminished for the sample loaded with 4 wt% Mg, implying an equivalent trend for the
concentration of exchanged Mg?* species inside the zeolite micropores. It can also be seen in
Figure 7 that the intensity of the IR band at 1545 cm™ associated to Brgnsted acid sites (BAS)
follows an opposite trend to that of LAS as a lower amount of remaining BAS is expected when
the amount of exchanged Mg?* species increases, in accordance with the results in Table 4. This
supports the partial exchange of H* by Mg?* cations as the main source of reduction of Brgnsted
acidity.
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Figure 7. FTIR-Pyr spectra of the silylated HZ31@Sil-3 zeolite and the samples with different
Mg contents obtained at a pyridine desorption temperature of 250 °C.

Similarly to what was found for the series of silylated zeolites (Figure 1), the selectivity of
aromatics for the samples loaded with different Mg amounts did also display a positive linear
correlation with the density of Brgnsted acid sites (Figure 8), further supporting their key role in
promoting the aromatization reactions.
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Figure 8. Correlation between the aromatics selectivity and the total amount of Brgnsted acid
sites for HZ31@Sil-3 and xMg/HZ31@Sil-3 (x = 1-4) zeolites.

On the other hand, the selectivity of BTX and, more specifically of PX (Table 3) did not exhibit a
clear correlation with the density of Brgnsted acid sites. The kinetic diameter of PX (0.585 nm)
is lower than that of meta-xylene (MX, 0.680 nm) and ortho-xylene (OX, 0.680 nm) and, thus,
the diffusion of bulkier MX and OX isomers would be more sensitive to variations in the pore
size. As we discussed before based on FTIR-pyr, part of the Mg species enter the micropores and
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exchange with H*. Based on the intensity of the Mg?*-related Lewis acid sites in Figure 7, it can
be stated that the amount of exchanged Mg?* species reached a maximum for the zeolite loaded
with 3 wt% Mg. Since Mg?* cations are bulkier than H*, a higher amount of exchanged Mg?*
species would expectedly produce a more effective reduction in the zeolite pore size, which
might account for the higher PX of the catalyst comprising the 3Mg/HZ31@Sil-3 zeolite (Table
4). Additionally, the presence of some small MgO clusters (undetectable by XRD) inside the
micropores might also contribute to the pore size reduction.

In order to assess the Mg-related pore size reduction, we characterized the micropores of the
pristine HZ31 and the 3Mg/HZ31@Sil-3 zeolites by argon adsorption. The corresponding Ar
adsorption isotherms and micropore size distributions are given in Figure 9. These data clearly
showed the presence of smaller micropores (< 0.5 nm) in the silylated sample loaded with 3 wt%
Mg. Thus, while the calculated mean micropore size of HZ31 was 0.542 nm, close to the expected
value for ZSM-5 zeolite (Figure 2 of D3.8), it was 0.522 nm for 3Mg/HZ31@Sil-3 thus confirming
the pore size reduction caused by Mg species.
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Figure 9. Argon adsorption isotherms (left) and pore size distribution of micropores (right)
determined using the NL-DFT method for HZ31 and 3Mg/HZ31@Sil-3 zeolites. The inset in the
left graph is a zoomed view of the isotherms in the low partial pressure region corresponding

to the micropore range.

Therefore, it can be concluded that the improved PX selectivity observed upon incorporation of
an optimum amount of Mg (3 wt% in this case) is due to a (subtle) reduction of the micropore
size favouring the diffusion of PX against the bulkier MX and OX isomers.

5. Influence of reaction conditions

As reported in deliverable D3.8, the modification of H-ZSM-5 zeolite by 3-cycle silylation and
subsequent loading with 3 wt% Mg was applied to zeolites with different Si/Al ratios (Si/Al = 16,
31, 112) and thus distinct Brgnsted acidity. The catalytic results for the STA reaction discussed
in D3.8 showed that the tandem catalyst comprising the modified zeolite with intermediate Si/Al
ratio (3Mg/HZ31@Sil-3) exhibited the highest BTX and PX selectivity while that based on the
zeolite with highest Si/Al ratio (3Mg/HZ112 @Sil-3) showed the best performance in terms of CO
conversion and total aromatics selectivity. Most importantly, the latter zeolite displayed better

18



stability with time-on-stream (TOS) as deactivation by coking is promoted in zeolites with lower
Si/Al ratio, i.e., higher density of BAS. Considering its better stability, the catalyst based on the
high Si/Al ratio 3Mg/HZ112@Sil-3 zeolite was selected as the most suitable for the conversion
of syngas to aromatics at the employed reaction conditions.

In this part of the project, we assessed the influence of reaction conditions on the STA
performance of the selected tandem 1Zn50Zr+3Mg/HZ112@Sil-3 catalyst using an oxide:zeolite
mass ratio of 1:1. The following operation variables were specifically studied: temperature, total
pressure, H,/CO molar ratio in the syngas feed, and space velocity (GHSV). Finally, the effect of
the oxide:zeolite mass ratio in the bifunctional catalyst was also evaluated at a selected reaction
condition. The experimental setup used for catalyst testing and product analysis is described in
D3.8.

These experiments lasted about 8 h. The results presented in this section correspond to the data
averaged for the last 3 h of reaction (Time-on-Stream (TOS) =~ 5 — 8 h).

Influence of reaction temperature

The influence of reaction temperature in the range of 360 — 420 °C is presented in Tables 5 and
6. The rest of conditions were kept constant at P = 30 bar, H,/CO = 2 mol/mol, space velocity
(GHSV) referred to the total mass of catalyst (oxide+zeolite) of 4.2 Lsngas/(8carh), and
oxide:zeolite mass ratio of 1:1.

Table 5. Influence of reaction temperature on CO conversion, CO; selectivity, and hydrocarbons
distribution.

Temp. COconv. CO;sel. HCssel. Hydrocarbons distribution (%C)
(°C) (%) (%C) (%C) C C%-CL GG Cs. ARO
360 10.0 50.6 49.2 0.9 9.7 30.9 9.0 49.5
380 15.1 49.7 50.3 1.3 12.6 16.9 10.2 59.0
400 18.4 49.0 51.0 1.5 14.7 14.7 11.6 57.5
420 25.3 48.0 52.0 2.2 19.6 10.4 15.1 52.7

Table 6. Influence of reaction temperature on BTX/PX selectivity.

Temperature BTX in aromatics PX in aromatics PX in xylenes
(°c) (%) (%) (%)
360 63.1 48.9 94.9
380 60.8 374 76.4
400 63.1 37.5 73.9
420 68.2 32.2 57.7

Influence of reaction pressure

The catalytic results at the reaction pressure of 10, 30, and 50 bar are gathered in Tables 7 and
8. The rest of parameters were kept constant at 400 °C, H,/CO molar ratio of 2, space velocity
(GHSV) of 4.2 Lyngas/(8cat'h), and oxide:zeolite mass ratio of 1:1.
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Table 7. Influence of reaction pressure on CO conversion, CO; selectivity, and hydrocarbons
distribution.

P COconv. CO;sel. HCssel. Hydrocarbons distribution (%C)

(bar) (%) (%C) (%C) C ¢ C7-Cr Cs. ARO
10 6.5 51.5 48.4 2.6 12.4 34.9 19.3 30.8
30 18.4 49.0 51.0 1.5 14.7 14.7 11.6 57.5
50 27.4 48.6 51.4 1.7 15.1 11.6 11.0 60.6

Table 8. Influence of reaction pressure on BTX/PX selectivity.

P BTX in aromatics PX in aromatics PX in xylenes
(bar) (%) (%) (%)

10 76.0 55.2 91.3

30 63.1 37.5 73.9

50 56.8 27.8 60.9

Influence of H,/CO ratio in syngas

The effect of the H,/CO molar ratio in the syngas feed is shown in Tables 9 and 10 at 400 °C, 30
bar, GHSV of 4.2 Lengas/(gcath), and oxide:zeolite mass ratio of 1:1.

Table 9. Influence of H,/CO molar ratio on CO conversion, CO; selectivity, and hydrocarbons
distribution.

H,/CO COconv. CO;sel. HCssel. Hydrocarbons distribution (%C)
ratio (%) (%C) (%C) C C%-C° C7-Cr Cs. ARO
1 15.8 50.0 50.0 1.7 11.5 19.4 12.5 54.9
2 18.4 49.0 51.0 1.5 14.7 14.7 11.6 57.5
3 24.9 46.3 53.7 1.6 18.2 10.8 15.0 54.4

Table 10. Influence of H,/CO molar ratio on BTX/PX selectivity.

H,/CO BTX in aromatics PX in aromatics PX in xylenes
ratio (%) (%) (%)

1 60.3 35.5 74.1

2 63.1 375 73.9

3 66.2 35.2 65.9

Influence of space velocity (GHSV)

In this set of experiments, the space velocity was varied in the range of 2.1 — 6.3 Lsyngas/(8cat*h)
while keeping constant the rest of parameters at 400 °C, 30 bar, H,/CO molar ratio of 2, and
oxide:zeolite mass ratio of 1:1. The results are summarized in Tables 11 and 12.
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Table 11. Influence of space velocity (GHSV) on CO conversion, CO; selectivity, and hydrocarbons
distribution.

GHSV COconv. CO;sel. HCssel. Hydrocarbons distribution (%C)
(L/(g-h)) (%) (%C) (%C) C C%-CL -G Cs. ARO
2.1 30.4 48.1 51.9 1.4 18.9 7.2 11.0 61.5
4.2 18.4 49.0 51.0 1.5 14.7 14.7 11.6 57.5
6.3 15.1 49.1 50.9 1.5 14.2 16.3 14.0 54.0

Table 12. Influence of space velocity (GHSV) on BTX/PX selectivity.

GHSV BTX in aromatics PX in aromatics PX in xylenes
(L/(g-h)) (%) (%) (%)
2.1 62.8 25.4 48.9
4.2 63.1 37.5 73.9
6.3 67.2 40.4 75.2

Influence of oxide:zeolite ratio

The relative proportion of the oxide and zeolite components in the bifunctional catalysts may
influence there catalytic activity and selectivity and is therefore an important catalyst design
parameter. In this case, the influence of the oxide:zeolite (OX:ZEO) mass ratio was assessed at
400 °C, 30 bar, and H,/CO molar ratio of 2. In this case, the GHSV was kept constant at 8.5
Lsyngas/ (Boxideh) With respect to the mass of oxide. The results are presented in Tables 13 and 14.

Table 13. Influence of oxide:zeolite mass ratio on CO conversion, CO, selectivity, and
hydrocarbons distribution.

OX:ZEO COconv. CO;sel. HCssel. Hydrocarbons distribution (%C)
ratio (%) (%C) (%C) C ¢ C7-Cr Cs. ARO
1:1 18.4 49.0 51.0 1.5 14.7 14.7 11.6 575
2:1 17.8 49.0 51.0 1.5 12.7 16.9 16.1 52.8
4:1 15.9 49.5 50.5 1.7 10.6 25.5 18.2 44.0

Table 14. Influence of oxide:zeolite mass ratio on BTX/PX selectivity.

OX:ZEO BTX in aromatics PX in aromatics PX in xylenes
ratio (%) (%) (%)
1:1 63.1 375 73.9
2:1 62.1 38.3 75.6
4:1 63.4 39.9 78.9

As observed in Tables 5 — 14, the selectivity of CO, remained practically constant (50+1%)
regardless the reaction conditions employed. Such a relatively high CO; selectivity is typical of
bifunctional OXZEO catalysts used in the conversion of syngas to different types of hydrocarbons
(light olefins, aromatics, gasoline) [7]. This by-product is formed through the competitive water
gas shift (WGS) reaction that takes place on the surface oxygen vacancies of the metal oxide
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component serving also as the active sites for the transformation of syngas to the oxygenated
(methanol) intermediate [7].

For a better visualization of the above results, the impact of the studied reaction parameters on
CO conversion and the selectivity to the reaction products most relevant to the CO,SMOS project
(total aromatics in hydrocarbons, BTX in aromatics, and PX in xylenes) is shown in Figure 10.
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Figure 10. Influence of a) temperature, b) pressure, c) Ho/CO molar ratio, d) space velocity,
and e) oxide:zeolite mass ratio on CO conversion and selectivity of total aromatics in
hydrocarbons (Arom/HCs), BTX in aromatics (BTX/Arom), and PX in xylenes (PX/X).
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According to the trends observed in the figure above, the CO conversion increased with the raise
in temperature, pressure, and H,/CO ratio while it decreased with increasing GHSV, that is, with
decreasing contact time. In turn, the CO conversion was hardly affected by the oxide:zeolite
mass ratio at constant GHSV with respect to the mass of oxide. The selectivity of aromatics in
the hydrocarbons fraction raised with pressure (similar to CO conversion), experienced smooth
maxima at the temperature of 380 °C and at H,/CO ratio of 2, and gradually declined with the
increase in both GHSV and oxide:zeolite ratio. Differently, all the studied reaction parameters
had a positive effect on BTX selectivity with the exception of pressure. On the other hand, while
PX selectivity was favoured at higher GHSV and oxide:zeolite ratio, it experienced a decline with
the raise in temperature, pressure, and (to a lesser extent) H,/CO ratio.

Although a mechanistic and/or kinetic interpretation of the trends shown in Figure 10 is out of
the scope of this deliverable, the obtained results clearly revealed that performing the STA
process at conditions favouring high CO conversion and/or high aromatics selectivity do
generally result in lower BTX and PX selectivity. This highlights the difficulty for simultaneously
maximizing activity and BTX/PX selectivity by simply tuning the reaction conditions.

6. Catalyst stability test

In the next step, we performed a long-term stability test lasting 100 h with the
1Zn50Zr+3Mg/HZ112@Sil-3 catalyst. The test was carried out at the reaction conditions of 400
°C, 30 bar, H/CO molar ratio of 2, and GHSV of 4.2 Lgngas/(8cat'h) using an oxide:zeolite mass
ratio of 1:1 which. According to the results presented in the precedent section, these conditions
provided a reasonable balance between CO conversion, total aromatics selectivity, and BTX/PX
selectivity.

For the sake of clarity, only the most relevant catalytic parameters will be discussed here. The
full dataset is given in the Appendix Al.

Figure 11 displays the change with TOS of CO conversion and the selectivity of total aromatics
in the hydrocarbons fraction. It can be observed that both the CO conversion and the aromatics
selectivity experienced a gradual decrease with TOS. The decrease in both parameters is more
pronounced during the first 30 h on stream and then becomes smoother al longer reaction
times. These trends reflect a progressive loss of the aromatization activity of the modified ZSM-
5 zeolite which can be ascribed to the formation of coke species on the acid sites, as reported in
the literature [8].
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Figure 11. Evolution of the CO conversion and the selectivity of aromatics in hydrocarbons
with TOS.

The time-dependence of the BTX and PX selectivity in aromatics and the PX selectivity in xylenes
is presented in Figure 12. It can be seen that the selectivity of BTX and PX in the aromatics
fraction experienced a certain decrease during the initial 20 h period followed by a more stable
performance at longer TOS. Comparatively, the selectivity of PX in the xylenes fraction displayed
a higher stability, showing values close to 80% during the whole test.
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Figure 12. Selectivity of BTX in aromatics (BTX/Arom), PX in aromatics (PX/Arom), and PX in
xylenes (PX/X) as a function of TOS.

The deactivation rate for the catalytic parameters included in Figures 11 - 12 has been calculated
in the TOS range of 50 — 100 h since the behaviour in this period is more representative of the
long-term performance of the catalysts (pseudo-steady state) after the initial deactivation
commonly observed in most catalytic reactions. The results are collected in Table 15.
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Table 15. Deactivation rates (in %/100 h) for relevant catalytic parameters determined in the 50
—100 h TOS range.

CO conversion  Aromatics/HCs  BTX/Aromatics PX/Aromatics PX/Xylenes
17.7 11.9 7.9 8.9 1.8

The values in Table 15 signed for a reasonably high stability of the 1Zn50Zr+3Mg/HZ112 @Sil-3
catalyst at the conditions of the test, particularly regarding the selectivity within aromatics of
the most valuable BTX and PX monomers, with deactivation rates in the pseudo-steady state
period below 9%/100 h. Worth of noting was the remarkably low deactivation rate (< 2%/100 h)
obtained for the selectivity of PX in the xylenes fraction.

7. Modelling of syngas-to-aromatics (STA) process

STA reaction scheme

The reaction scheme of the STA process over OXZEO catalysts was already presented in the
previous deliverable D3.8. Nevertheless, it has also been included here (Figure 13) for the sake
of a better understanding of the kinetic modelling study reported in this section. Briefly, CO and
H, in syngas are activated on the oxide component to form the methanol intermediate. The
intermediate then rapidly diffuses to the zeolite pores where it transforms to olefins of different
chain lengths (C,-C,~ + Cs.”) that are subsequently converted into aromatics through
consecutive acid-catalysed oligomerization, cyclization, and dehydrogenation reactions. The H,
released in the dehydrogenative aromatization step may hydrogenate the olefins to produce the
corresponding paraffins (C,°-C4° + Cs.%). On the other hand, the oxide component is responsible
for the formation of CO; through the water-gas shift (WGS) reaction as well as of methane (C,)
by hydrogenation of CH, intermediates formed on the oxide surface by reaction of dissociated
CO and H; molecules.
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Figure 13. Reaction scheme for the conversion of syngas to aromatics over bifunctional OXZEO
catalysts.
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Methodology employed

Considering the above reaction scheme, the next set of reactions was considered for the

modelling:
Water-gas shift:
Methanol formation:

Olefins generation:

BTX generation:

Heavier aromatics generation:

Paraffins generation:

Therefore, the following different compounds are considered in the model:

CO + H,0 2 CO, + H,

CO + 2 H, @ CH;0H

2 CH30H 2 CyH, + 2 H,0
CyH, + CH;0H 2 C3Hg + H,0
C3Hg + CH30H 2 CyHg + H,0

C4Hg + CH30H 2 CsHyo + H,0

4 CyH, 2 CgHyg + 3 Hy
8 C3Hg 2 3 CgHyp+ 9 Hy

2 C,Hg @ CgHyo + 3 H,

10 C3Hg @ 3 CyoHg + 18 H,
5 C,Hg 2 2 CyoHg + 12 H,

2 CsHyy 2 CioHg + 6 H,

CO +3H, 2 CH, + H,0
C,H, + Hy 2 CyH,q
C3Hg + Hy 2 C3Hg
C4Hg + H, 2 C,Hyy

CsHyp + Hy 2 C5Hy,

- CO, COz, Hz, CH4 and CHgoH
- Paraffins: CzHe, C3H8, C4H1o and C5H12
- Olefins: C2H4, C3H6, C4H3 and C5H10

- BTX: Cngo

- Heavier aromatics: CioHsg

- Inert: Ar

(rwes)

(rMetOH)

(ro2)
(ros)
(roa)

(ros)

(rs2)
(re3)

(rea)

(ras)
(raa)

(ras)

(rea)
(re2)
(res)
(rea)

(res)
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The corresponding kinetic reaction rates equations are shown in Table 16. The equilibrium
constants have been calculated considering bibliography databases [9].

Table 16. Kinetic reaction rate equations.

Reaction Equation Id

s N kwes - (Pco ';91;21\(1)2_ %) (1)
Futeton N knmeton - (pcoD';’PZINZZ_ %) (2)
fo2 Toy = % (3)
fos ros = ko ‘chsEolgz' Pc2Ha (4)
fou rou = ko 'chzolelz' Pc3He (5)
ros ros = ko 'chzo}(liz' Pcans (6)
fea oy = % (7)
fes g = % (8)
foe Foa = kBD'EI'?If;HB 9)
Fa3 Ty = % (10)
Faa g3 = % (11)
Fas Taa = —kBD';If;”B (12)
for . kp1 - (Pco 'fg&zpcﬁzcﬁ?o) (13)
o2 Toy = % (14)
ros Tps = % (15)
oo Fon = kp 'PDCEIIJ\?Z' Ph2 (16)
s s = kp .pEZHAl,(; * Ph2 (17)

DEN =1+ Kc¢o - Pco + Kuz - Pz + Kcoz * Pcoz + K20 * Phzo

These reaction terms are related to each compound as shown in Table 17.
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Table 17. The reaction rates per compound.

Compound Equation Id

co —TwGs — "MetoH — TMET (18)
H, Twes — 2 Tmeton + 3 Taz +97a3 + 3744 — 3 Typr — Tp2 — Tp3 — Tps (19)

—Tps +Ty3 18+ 144 - 12+ 145 - 6

Co; "wes — YE-H20 (20)
H,0 —Twes + Tmer + 2792 + o3 + T4 + 75 = TE—H20 (21)
CHsOH Twmetorn — (2792 + To3 + Toa + Tos) (22)
CyHa4 To2 — Vo3 — 47145 — 1py (23)
CsHs T03 —Toa —87p3 —7p3 — 10 - 143 (24)
CaHs Toa —Tos —2Tps —Tps — 5 " Tpg (25)
CsHio Tos —Tps — Tas (26)
CHq TMET (27)
CaoHe Tp2 (28)
CsHs Tp3 (29)
C4H1o Tpa (30)
CsHia Tps (31)
CsH1o Tap + 3743 + Tug (32)
CioHs 3:-Tu3+ 2 1p4 +1ps (33)

These equations have been implemented in Matlab and solved considering plug flow condition.
The plug flow reaction has been solved using the Runge-Kutta method. The kinetic coefficients
have been optimized in order to minimize the error between the experimental values and the
predictions of the model.

Taking into account that, as discussed in section 6, the catalyst experienced some deactivation
during the STA reaction, the modelling was performed using the experimental data obtained at
very short TOS (1.5 h) for which catalyst decay can be considered negligible. The full dataset at
TOS = 1.5 h used for the regression analysis can be found in the Appendix A2.

The following hypothesis were assumed for the calculations:

- Negligible pressure drops.

- Non-diffusion limitations or contra-diffusion.

- Non fluid-dynamics impacts on the kinetics.

- Homogeneous temperature.

- Only CO, CO,; H; and H,O present active role on the adsorption phenomena
(considering possible limitations in the reaction rates).

Results

All the kinetics were calculated using the next equation considering the reference temperature

at 400 °C:
Ea (1 1
ki =lkrepi-exp| =47~ Tros
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The kinetic parameters derived from the model fitting are shown in Table 18.

Table 18. Fitted parameters of the model.

Reaction Kyef (mol/g/s)
WGS 343.083633
Methanation 6.3238E-08
Methanol 0.0004121
Oleffins generation 299.985318
Parafins generation 0.12731806
BTX generation 1.06839415
Heavier aromatics generation 0.61533412

Ea (kJ/mol)

-203.286
76.1136
35.2644
41.2656
21.6814
21.6814
-12.9377

The comparison between the experimental results and those predicted by the model at different
reaction conditions can be visualized in Figure 14. In spite of the complex reaction network and
the simplifications assumed in the calculations, the values predicted by the model were in

reasonable good agreement, with a few exceptions, with those obtained experimentally.

29



360°C 380°C 420°C
60 60 60 60
I xp
50 [ model 50 50 50
40 40 40 40
30 30 30 30
20 20 20 20
10 10 10 10
° ¢ + . & +
OUROC, Fikhs® \o\\x N FBLES O\O‘Q\@o O PPt U S Feikhis®
S P OLEE S FPHS P QLEE S S P PES S
WG gt e WG gt OO FPT O AT e
10 bar

S H S $ & L&
+@\0@ O'L">‘Q°‘°vs

H2/cO=1

N D N A > X
@o o <>g» 9 w’“o R & & v‘°®
i &
2.1 NL/h/
60 9
-exp
50 -mode!

S PO c,\
+\ O NS

40

30

20

10

ol
>
3O Q«o 0«; < °<°
om

30 bar

50 bar

S & O & & &L
SN >Qo<z>°
L N A o>
+\ F

H2/CO=3

ISP IR IR GC P S B e S
O L > Y O Qo
S & o'Vu ¥
4.2 NL/hig
60 v v
| 9
50 B model

el

N NP +@
\oc)‘v\?ooq'oc]s&
s ’l«

e}

60

50

. e
B model

f Jhﬂnuﬂ

& ofD < & & «‘\' &

&
e >

Figure 14. Comparison between the experimental catalytic data and those predicted by the
model at different reaction conditions: a) temperature, b) pressure, c) H,/CO molar ratio, and

d) GHSV.
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8. Main conclusions

The following main conclusions can be withdrawn from the activities reported in this deliverable:

1.

The formulation and detailed synthesis conditions for the selected BTX/PX-selective tandem
Zn-ZrO,+H-ZSM-5 catalyst have been established.

A comprehensive physicochemical and spectroscopic characterization of the zeolite
component has been carried out in order to gain insights into the principles of catalyst
functioning in the syngas-to-aromatics (STA) reaction by deriving suitable structure-
performance correlations.

Based on them, the total selectivity of aromatics was concluded to be mostly driven by the
total amount of Brgnsted acid sites in the zeolite.

Achieving a high degree of passivation (> 90%) of the Brgnsted acid sites located at the
external surface of the zeolite crystallites during the silylation treatment was essential to
significantly enhance the selectivity to both BTX and (to a lesser extent) PX aromatics.

Besides the effective passivation of external Brgnsted acidity, a subtle reduction of the
zeolite pore size, achieved through the incorporation of an optimum amount of Mg species,
was key for attaining high selectivity to the most valuable PX monomer.

A long-term stability test (lasting 100 h) was carried out for the BTX/PX-selective catalyst
comprising the silylated and Mg-containing zeolite HZSM-5 (Si/Al = 112). A relatively low
deactivation rate regarding the BTX and PX selectivity in aromatics of 7.9 and 8.9%/100 h,
respectively, and of only 1.8%/100 h for PX selectivity in xylenes was obtained in the pseudo-
steady state.

A dataset of catalyst performance under different reaction conditions has been collected for
the modelling of the STA process.

The model provided a good prediction capability of the experimental data under a broad
range of operation conditions.
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10. List of abbreviations

ARO Aromatics

BAS Brgnsted Acid Sites

BE Binding Energy

BET Brunauer-Emmett-Teller

BJH Barrett-Joyner-Halenda

BTX Benzene, Toluene, Xylenes

CTAB Cetyltrimethylammonium Bromide
DTBPy Di-Tert-Butylpyridine

FTIR Fourier-Transform Infrared

GHSV Gas Hourly Space Velocity

HCs Hydrocarbons

NL-DFT Non Localized Density Functional Theory
MX Meta-Xylene

(0).4 Ortho-Xylene

OXZEO Oxide-Zeolite

PM Powder Mixing

PX Para-Xylene

STA Syngas-To-Aromatics

TEOS Tetraethyl Orthosilicate

TOS Time-On-Stream

WP Work Package

XPS X-ray Photoelectron Spectroscopy
XRD X-Ray Diffraction
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Appendix Al

Dataset of the long-term stability test carried out over the 1Zn50Zr+3Mg/HZ112@Sil-3 catalyst
at the following reaction conditions: 400 °C, 30 bar, H2/CO =2 mol/mol, GHSV = 4.2 Lsngas/(8cat*h),

oxide:zeolite mass ratio = 1:1.

TOS Xco Shics® Hydrocarbons distribution (%) BTX/Arom.
(h) (%) (%) C C-C-  G%-C° Cs.” Arom. (%)
1.5 19.9 51.7 1.9 12.1 19.6 14.3 52.1 74.9
3.0 18.9 51.0 1.7 13.4 18.1 15.5 513 73.1
4.4 18.6 51.1 1.7 14.5 17.7 15.4 50.7 72.2
5.9 18.1 50.9 1.7 15.0 16.9 16.1 50.3 71.0
7.3 17.9 51.0 1.7 15.6 16.6 16.4 49.7 70.4
24.0 16.0 50.7 2.1 18.4 15.1 17.7 46.7 68.1
255 15.8 50.7 2.2 18.8 15.2 17.4 46.4 67.9
27.0 15.7 50.9 2.2 19.0 15.0 17.7 46.1 68.1
28.3 15.5 50.8 2.2 19.1 15.1 18.0 45.6 67.8
30.0 15.4 50.8 2.3 19.1 14.8 18.2 45.6 67.5
48.1 14.8 50.8 2.5 20.2 14.6 18.5 44.2 66.3
49.5 14.7 50.8 2.5 20.2 14.5 18.5 44.3 66.1
51.0 14.6 51.0 2.6 20.5 14.5 18.1 44.3 65.9
52.3 14.6 50.9 2.6 20.9 14.7 18.2 43.6 65.8
54.0 14.5 50.9 2.5 20.4 14.5 18.8 43.8 65.8
72.0 14.1 50.8 2.7 21.0 14.2 19.3 42.8 65.0
73.5 14.0 50.9 2.7 21.0 14.1 194 42.8 64.5
75.0 13.9 50.7 2.7 21.1 14.2 19.2 42.8 64.3
76.3 13.9 50.7 2.7 21.0 14.1 19.4 42.8 64.0
78.0 13.8 50.8 2.7 21.1 14.2 19.4 42.6 64.1
96.0 13.5 50.7 2.8 21.6 14.0 19.8 41.8 64.1
97.4 135 50.7 2.8 21.7 14.0 19.9 41.6 63.9
98.7 13.4 50.8 2.8 21.8 14.0 20.0 414 64.0
100.0 13.4 50.7 2.9 21.8 14.0 19.8 41.5 63.9

2 Selectivity of CO2 (Scoz2) = 100 - Shcs.
b Cs+ = Non-aromatic hydrocarbons with 5 and more carbon atoms.
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Appendix A2

Dataset obtained at different reaction conditions and initial TOS (1.5 h) used for the modelling
of the STA reaction over the 1Zn50Zr+3Mg/HZ112 @Sil-3 catalyst (oxide:zeolite mass ratio = 1:1).

Temp.? Xco Shcs Hydrocarbons distribution (%) BTX/Arom.
(DC) (%) (%) C, C-Cy Czo-C40 Cs. Arom. (%)
360 11.4 50.6 1.2 19.0 12.9 6.5 60.4 64.9
380 16.3 50.9 1.7 12.1 15.0 8.2 63.0 64.8
400 19.7 51.2 1.4 12.7 16.7 10.5 58.7 67.8
420 26.5 52.0 1.9 10.1 20.9 14.5 52.6 72.2

Pressure® Xco Shcs Hydrocarbons distribution (%) BTX/Arom.
(bar) (%) (%) C, C-Cy Czo-C40 Cs. Arom. (%)
10 7.2 50.0 2.9 33.1 13.7 18.8 315 77.8
30 19.7 51.2 1.4 12.7 16.7 10.5 58.7 67.8
50 29.5 51.3 1.4 9.6 18.5 10.2 60.3 65.2
H,/CO Xco Shcs Hydrocarbons distribution (%) BTX/Arom.
ratio® (%) (%) C C-C  CC Cs. Arom. (%)
1 17.5 50.6 1.3 14.5 14.4 10.5 59.3 65.1
2 19.7 51.2 1.4 12.7 16.7 10.5 58.7 67.8
3 26.4 53.9 2.0 10.1 20.3 14.1 53.5 71.8

GHSV* Xco Shcs Hydrocarbons distribution (%) BTX/Arom.

(L/(gh)) (%) (%) C C-Cs Czo-C40 Cs. Arom. (%)

2.1 32.3 52.4 1.5 6.4 214 10.1 60.6 71.1
4.2 19.7 51.2 1.4 12.7 16.7 10.5 58.7 67.8
6.3 16.0 51.7 1.4 14.9 15.3 13.4 55.0 69.8

ap=30 bar, HZ/CO =2,GHSV=4.2 Lsyngas/(gcat'h).
T =400 °C, H2/CO = 2, GHSV = 4.2 Lsyngas/(gcar'h).
¢T=400 oC, P=30 bar, GHSV =4.2 Lsyngas/(gcat‘h).

4T =400 °C, P =30 bar, H2/CO = 2.

35






