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The grafting of Ga(iBu)s on a series of meso-H-ZSM5, prepared by desilication-dealumination (Si/Al = 25, 50,
100, 200, o), has been studied. Materials were characterized by IR, solid-state NMR, BET, ICP and EXAFS. Ga
(iBu)3 reacts selectively with silanol groups, yielding a monopodal surface species in the mesopores. Importantly,
the Brgnsted acidic sites remain intact in the micropores, as revealed by IR and H MAS-NMR. These materials
can be regarded as bifunctional catalysts, containing isolated Ga sites and Brgnsted sites in proximity, suitable for

propane aromatization. Catalytic investigations show high activity and selectivity toward aromatics, particularly

for low Si/Al ratios.

1. Introduction

Light aromatic compounds such as benzene, toluene and xylene
(BTX), are considered essential raw materials for the petrochemical in-
dustry and important intermediates toward high value-added chemicals.
They are also used as blending mixture to enhance the octane number of
gasoline. The increasing demand for BTX has led to a higher interest
toward the transformation of light alkanes into aromatics, since light
alkanes have become abundant with the discovery of new shale gas
reserves [1]. BTX are mainly produced (as by-products) by catalytic
reforming or by steam cracking processes [2], however, other methods
can be used, from methanol (MTA) [3], syngas (STA) [4] and CO2 hy-
drogenation [5]. The “by-product” technologies remain dominant, but
are less flexible at aligning with the demand and evolution of the mar-
ket. Hence, on-purpose technology (where BTX is the main product) is a
promising alternative to conventional cracking and reforming processes
allowing to secure the market supply. The advantage of on-purpose
aromatization is the use of cheap and abundant feedstocks (light al-
kanes) [2,6]. For example, methane aromatization has been studied,
however, due to its low selectivity and the high temperature required
during the reaction [7], the use of propane is preferred. On-purpose
propane aromatization generally requires a bifunctional catalyst,
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where the metal sites are responsible for its dehydrogenation into pro-
pylene and Brgnsted acid sites present in the zeolitic support activate the
oligomerization and cyclization of propylene resulting in aromatics
[8-11]. Beside the main reaction, coking and cracking may also occur
resulting in undesired products. Due to the complexity of this process,
many studies were conducted to find a suitable high-performing cata-
lyst. Several metals such as Ga, Pt, Zn and others, have been hosted on
zeolites and studied for the aromatization reaction [12-17]. Economi-
cally, Ga and Zn are preferred over the expensive noble metal Pt.
However, Zn supported on H-ZSM-5 zeolites suffered from high vola-
tility of the active metal under the reaction conditions required (> 500
°C) [6,18,19]. To date, Ga is the most promising metal due to its ability
to dehydrogenate and aromatize propane into BTX with a high selec-
tivity and marginal metal leaching [20,21]. Hence, Zeolite (ZSM-5)
modified by gallium oxide remains the most used catalyst in industry for
propane aromatization as in Cyclar UOP and BP commercialized process
[2,22]. The main drawback of propane aromatization on this catalyst is
the production of large amounts of light hydrocarbons by cracking side
reactions on acidic sites [18], due to the presence of different gallium
oxide phases on the surface (particularly clusters or agglomerates). In
fact, the catalysts described in the literature are generally obtained via
classical synthesis methods such as wetness impregnation (using Ga
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salts), chemical vapor deposition of GaCls (followed by thermal acti-
vation or reduction), and even mechanical mixing with Gay03
[21,23-31]. These uncontrolled synthetic methods are unable to pro-
duce the highly disperse and isolated active sites responsible for the
aromatization reaction. In fact, Ga-based catalysts prepared by
impregnation with high loading of gallium nitrate on the zeolite leads to
the formation of segregated GapO3 phases on the zeolite surface,
responsible for cracking reactions. This method also facilitates the for-
mation of clusters with four gallium centers that have been previously
confirmed by EXAFS and 71Ga NMR [32,33]. To overcome these draw-
backs and obtain active single sites, an anhydrous route for the incor-
poration of Ga into the micropores of zeolites, aided by the creation of
mesopores in the zeolite, has been proposed. Van Santen et al. described
the chemical vapor deposition of trimethylgallium on a H-ZSM-5, with
subsequent removal of the methyl groups by treatment with Hy or Og
[34,35]. The resulting material yield only propylene via propane
dehydrogenation without the formation of any aromatic compounds.
This was a result of the total lack of acid sites which are consumed
during the preparation of the catalyst, due to the diffusion of the small-
sized trimethylgallium through the micropores [34,36,37]. Hence, it is
essential to select the precursor with appropriate size. In that context,
using a mesoporous H-ZSM-5, we recently developed a bifunctional
catalyst through the selective grafting of [Ga(iBu)s] aided by its
moderately bulky ligands. Essentially, the Ga precursor is able to suc-
cessfully attach into the mesopores, while the acidic sites in the micro-
pores remained intact. The resulting bifunctional catalyst exhibited a
high propane conversion of 74% with 64 wt% of BTX at 500 °C [38]. The
formation of BTX occurs via two steps: dehydrogenation of propane on
Ga isolated sites in the mesopores, while the aromatization of the pro-
pylene intermediate on the acidic sites takes place in the micropores.
Hence, further improvements can eventually be achieved by tuning the
acidity of the mesoporous H-ZSM-5 using different Si/Al ratios. It is
important to note that a highly active and stable site for propane
dehydrogenation is needed to access a high productivity in BTX. We
proposed to study the effect of the Brgnsted acidity related to Si/Al ratio
of meso ZSM-5 by using [Ga(iBu)s] as a precursor on the activity and
selectivity in propane aromatization.

The aim of the present work was to prepare a bifunctional Ga catalyst
by immobilizing [Ga(iBu)s] on meso H-ZSM-5-25¢ (Si/Al = 25, 50, 100,
200 and o). The resulting materials were evaluated in propane
aromatization in order to select the most promising support. The cata-
lysts were characterized by DRIFT, solid-state NMR, BET, XAFS and
mass balance analysis.

2. Experimental section
2.1. General procedures

All experiments were carried out under a controlled atmosphere,
using Schlenk and glovebox techniques for organometallic synthesis. For
the synthesis and treatment of supported species, reactions were carried
out using high-vacuum lines (ca. 1 mPa) and gloveboxes. Pentane was
distilled from NaK and degassed using freeze-pump-thaw cycles. [Ga
(iBu)3] was synthesized according to a published method [39].

2.2. Preparation of Meso H-ZSM-5-35¢

Mesoporous ZSM-5 samples were prepared in three steps from
microporous ZSM-5 (micro-ZSM-5). The first step consisted in the syn-
theses of Micro-ZSM-5 with different Si/Al ratios following procedures
previously reported by Jacobs and Martens [40] combining silica with
NaOH and water (Solution 1), a premixed solution of tetrapropy-
lammonium bromide and water (Solution 2) followed by the addition of
a premixed solution of sodium aluminate and water (Solution 3) to
achieve the desired Si/Al gel ratio (Table Al). The second step was
dedicated to the desilication-dealumination [41] of the calcined
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microporous ZSM-5 samples to obtain mesopores. The final step con-
sisted in an ion exchange to get the acidic form of meso-ZSM-5 (Si/Al =
25, 50, 100, 200 and ) followed by a calcination at 550 °C under air
and a dehydroxylation at 250 °C [38].

2.3. Preparation and characterization of Ga(iBu)s/meso H-ZSM-5-25¢

A mixture of [Ga(iBu)3] (200 mg, 0.80 mmol) and meso-H-ZSM-5-25¢
(25, 50, 100, 200 and o) (1 g) in pentane (10 mL) was stirred at 25 °C
for 4 h. After filtration, the solid was washed 4 times with pentane and
the washing fractions were transferred to another reactor in order to
quantify the amount of isobutane evolved during grafting. The resulting
colorless powder was dried under vacuum (1 mPa) at 70 °C.

2.4. Analytical and spectroscopic procedures

Elemental analyses were carried out at Mikroanalytisches Labor
Pascher, Remagen (Germany). Gas-phase analyses were performed on a
Hewlett-Packard 5890 series II gas chromatograph, equipped with a flame
ionization detector and HP PLOT KCl/Al;O3 column (50 m x 0.32 mm).
Diffuse reflectance IR spectra were collected in an airtight IR cell equip-
ped with CaF, window, using a Nicolet 6700 FT-IR spectrophotometer
recording 64 scans at 4 cm ™! resolutions. Nitrogen adsorption/desorption
experiments were performed in Micrometrics ASAP 2020 instrument. X-
ray diffraction patterns were recorded in a Bruker D8 diffractometer in
Bragg-Bretano geometry, using monochromatic Cu Kal radiation.

Solid-state NMR spectra were acquired on Bruker Avance 500 and
Bruker Avance III 800 spectrometers (respectively 11.7 and 18.8 T). For
'H experiments, the spinning frequency was 20 kHz, the recycle delay
was 30 s for meso-H-ZSM-555¢ (25, 50, 100, 200 and o) and 10 s for Ga
(iBu)3/meso-H-ZSM-555 (25, 50, 100, 200 and ), and 16 scans were
collected using a 90° pulse excitation of 2.25 ps. The 13¢ CP-MAS NMR
spectrum was obtained at 11.7 T using the CP-MAS pulse sequence and a
high-power 'H decoupling at an RF field amplitude of 70 kHz. The
spinning frequency was set to 10 kHz.

EXAFS spectra were recorded at ESRF, using BM23 beam-line, at
room temperature at the gallium K-edge (10.37 keV). A pair of Si(111)
crystals was used as monochromator and a system based on a total
reflection through a double X-ray mirror with an incidence angle vari-
able from 2 to 5 mrad allowed harmonic rejection close to 10~ level
[42]. The spectra were recorded in the transmission mode between 10.1
and 11.4 keV. Four scans were collected for each sample. Each data set
was collected simultaneously with a W metal foil (Ly; edge at 10.207
keV) and was later aligned according to that reference. The Ga sup-
ported samples were packaged within an argon filled glovebox in a
double air-tight sample holder equipped with kapton windows. The data
analyses were carried out using the program “Athena” [43] and the
EXAFS fitting program “RoundMidnight”, from the “MAX” package
[44], using spherical waves. The program FEFF8 was used to calculate
theoretical files for the total central atom loss factor, r., the electron
mean free path, A, the phases, ¢;, ¢. and amplitudes, F;, based on model
clusters of atoms [45]. The refinements were carried out by fitting the
structural parameters Nj, R;, 0; and the energy shift, AE( (the same for all
shells of a same structure was used):

TR Pt L (%) Sexp(— 267K %sinf2kR,

+@;(k,R) + @ (k)]

i=1

3. Results and discussion

3.1. Preparation and characterization of meso-H-ZSM-5_z5¢ with Si/Al
ratio 25, 50, 100, 200 and oo

Zeolites are well-defined crystalline, thermally stable,
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aluminosilicate materials with regular pores and channels, and a high
specific surface area, ranging typically from 300 to 700 m2/g [46].
These materials are widely used in the industry as heterogeneous cata-
lysts for a wide range of processes, due to their strong acidity and uni-
form micropores (< 2 nm in diameter) [47,48]. However, their catalytic
activity suffers from diffusional limitations in the presence of bulky
reactant or products, resulting in pore blocking [49-51]. The creation of
mesopores connected to the zeolite micropores is a promising solution to
minimize and overcome the diffusion limitation [10,52,53]. In this way,
the micropores of the zeolite are effectively shortened while the for-
mation of mesopores increases the external surface area of the zeolite,
allowing the accessibility of the reactants to a larger number of pores.
Several synthesis routes have been reported in the literature, such as
post-treatment and template assembly for the preparation of hierar-
chically porous zeolites [54]. In order to establish the correlation be-
tween the acidity of the zeolites with the catalytic activity in propane
aromatization in presence or absence of Ga, we synthesized a series of
meso-zeolites (meso H-ZSM-5) with different Si/Al ratios: 25, 50, 100,
200 and oo) using the procedures described in the experimental section
including the preparation method of micro-zeolites described by Jacobs
and Martens [40]. The zeolites (H-ZSM-5 and meso H-ZSM-5) have been
characterized before and after post-synthesis by XRD, SEM, EDX and
BET. The meso-zeolites with different Si/Al obtained after calcination
and dehydroxylation at 250 °C were characterized by DRIFT, solid state
NMR and BET before the grafting of gallium organometallic complex.

The change in crystalline structure of ZSM-5 before and after NaOH
treatment was evaluated using powder X-ray diffraction (PXRD pat-
terns) technique (Fig. A1). The corresponding peaks for crystalline ZSM-
5 are observed in both cases confirming the expected MFI framework.
However, a slight difference between phases was observed when the Si/
Al ratio increased and after post-treatment with NaOH. Similar results
were also reported by Xue et al. [55]. In addition to XRD, SEM images of
the H-ZSM-5 crystals confirmed the formation of the expected coffin-like
crystals typically seen for ZSM-5. SEM images also showed that typical
crystal sizes are within the required range of 1-5 pm (Fig. A2). It was
noted that with increasing the aluminum content of the synthesized gel
(Si/Al ratio lower than 50), a slight change in the morphology of the H-
ZSM-5 was observed, the crystals becoming less well defined and more
polycrystalline in nature. The morphology of the crystals remained un-
changed following the NaOH treatment of the microporous H-ZSM-5 to
form the mesoporous supports (meso H-ZSM-5, Si/Al = 25, 50, 100, 200,
o) (Fig. A3).

Moreover, EDX analysis of these samples confirmed that the Si/Al
content of the synthesized H-ZSM-5 remained practically unchanged for
meso H-ZSM-5 after the NaOH treatment (Table A2). To gain more in-
formation about the porous properties of the mesoporous ZSM-5, we
performed Ny physisorption measurements. Figs. A4-A8 show the Na
adsorption/desorption isotherms of H-ZSM-5 and meso H-ZSM-5 with
the different Si/Al ratio. In figs. A4a-A8a, H-ZSM-5 adsorption/desorp-
tion behavior is attributed to a type I isotherm, typical of a microporous
zeolite, with the adsorption being slightly higher for those samples with
higher Si/Al ratios. In comparison with figs. A4b-A8b, the post-
treatment of these samples with NaOH solution resulting in meso H-
ZSM-5 exhibited a type IV behavior and greater adsorption capacity
associated with the production of mesopores. It should be noted that as
the Si/Al ratio of the parent ZSM-5 samples increased, treated samples
(meso H-ZSM-5) were less mesoporous in character and showed
decreased adsorption capacity (Table A2). This is likely due to the
increasing crystallinity (with increasing Si content) of the samples
making the crystals less susceptible to the desilication-dealumination
process [41]. The pore volumes and surface areas of the meso H-ZSM-
5 samples were also evaluated using Ny physisorption measurements
(Table A2). The post treatment with NaOH of H-ZSM-5 led to an increase
in the total pore volumes and specifically in the mesopores volume. A
slight increase in the BET surface area was observed (for Si/Al = 25 and
50), as calculated by BJH method. The above results confirmed that
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mesopore formation in the synthesized ZSM-5 samples depends on Si/Al
ratios.

In order to control the grafting reaction of Ga precursor on the
mesoporous zeolites, meso-H-ZSM-5 with different ratio (Si/Al = 25, 50,
100, 200 and o) were then subjected to dehydroxylation at 250 °C
under high vacuum (1 mPa), affording meso H-ZSM-5-55¢. The resulting
materials were characterized by Ny adsorption/desorption, DRIFT and
'H MAS NMR and were tested in propane aromatization, without
dehydrogenation Ga active site. A high specific surface area, between
350 and 400 m?/g, was obtained with large total pores volume in the
range of 0.21 to 0.27 cm®/g (Table A3). For example, Fig. 1 displays the
N, adsorption/desorption feature of meso H-ZSM-5-35¢ with Si/Al = 50,
revealing a BET surface of 381.6 m?/g with large pore volumes of 0.27
cm®/g. These results confirm that at 250 °C the zeolite properties (large
BET surface and pore volumes) are conserved. The highest total pores
volume and mesopores volume were obtained for meso-zeolites with the
lowest Si/Al ratios (Si/Al = 25 and 50) and decreases with the increase
of silicon proportion in the support (Table A3).

The presence of both isolated silanols (=SiOH) and Brgnsted acid
sites (=Si(OH)Al) was reflected by characteristic bands in the DRIFT
spectrum of meso H-ZSM-5-55¢ (Si/Al = 50) at 3743 and 3608 em”},
respectively (Left in Fig. 2). The other weak and unresolved band
centered at 3663 cm™! corresponded to AIOH species associated with
extra-framework alumina (EFA), generated during desilication-
dealumination. For the comparison of all the meso H-ZSM-5-550 with
different ratios, we observed that the vibration band at 3740 cm ™!
characteristic of isolated silanols and the band at 3608 cm ™" attributed
to the acidity decreased with increasing Si/Al (Fig. 2). Consequently, the
acidity of the support decreases when Si/Al ratio rises [41,56]. How-
ever, the broad band centered at 3450 em ! attributed to vicinal silanols
increased when Si/Al ratio increased, in particular for Si/Al = 200 and
co. These vicinal silanols were already observed in the case of SiOy
dehydroxylated at low temperatures (200 °C) and have been reported to
be unreactive with organometallic complexes [57,58]. Additionally, no
band at 3608 cm ™ attributed to Brensted acidic protons was observed in
the spectrum of meso H-ZSM-250 (Si/Al = o0). Thus, the employed post
treatment method of MFI materials with different Si/Al ratio resulted in
meso-pore creation and simultaneously generated additional silanol
groups suitable for grafting of the organometallic precursor (vide infra).
Since the crystallinity (Fig. A1) and morphology (Fig. A2) were different
as the Si/Al ratio increases, the desilication-dealumination process
appeared to be less susceptible, and thereby resulted in less defect/
silanol formation (for higher Si/Al ratio), also supported by DRIFT
(Fig. 2).

Accordingly, the characterization of these materials using high field
solid-state NMR spectroscopy confirmed the previous result. The spectra
obtained after dehydroxylation of meso H-ZSM-5 with different ratios in
Fig. 2 were in agreement with reported literature, in which three main
signals were distinguished [59-62]. The aromatization activity is
generally reported to be catalyzed by the Brgnsted acid site (BAS), that
shows a signal at around 4 ppm in 'H MAS NMR (Fig. 2, right). The
intensity of this peak decreased as the Si/Al ratio increased from 25 to
50, attributed to the decreasing incorporation of Al into the framework
and concomitant charge balance by the Brgnsted proton. For example,
the '"H NMR spectra of meso-H-ZSM-5-250 (Si/Al = 25 and 50) showed
three major signals at 3.9, 2.5, and 1.6 ppm (right in Fig. 2, black and red
lines). These are attributed to Brgnsted acidic protons (=Si(OH)Al-type)
[63], extra-framework alumina (EFA) hydroxyls [64], and non-
interacting silanol protons [63], respectively. In fact, the peak ob-
tained at 3.9 ppm corresponds to a range of bridging hydroxyl groups
attached to more than one aluminum ion and likely also to those be-
tween Si and Al atoms. Whereas, in the case of meso H-ZSM-5-55¢ (Si/Al
= 100 and 200), the same signals were obtained but with a shift of the
peak from 3.9 to 4.7 ppm (right in Fig. 2), which was assigned in the
literature to another type of acid site, where the hydroxyl groups were
attached to more than one Alion [65,66]. The TH NMR spectrum of meso
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Fig. 1. Left: N, adsorption (closed symbols) /desorption (open symbols) isotherms for meso-H-ZSM-5-2509 (Si/Al =50). Right: N, adsorption (closed symbols)

/desorption (open symbols) isotherms for Ga(iBu)g/meso-H-ZSM-5-250 (Si/Al =50).
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Fig. 2. Left: DRIFT and Right: H NMR spectra of meso H-ZSM-5-55¢: Si/Al = 25 (black), Si/Al = 50 (red), Si/Al = 100 (blue), Si/Al = 200 (magenta), Si/Al = co
(olive) (18.8 T, 20 kHz, d; = 20 s). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

H-ZSM-5-25¢ (Si/Al = o) featured two intense signals, namely a sharp,
asymmetric contribution at 1.6 ppm for non-interacting silanols,
accompanied with a peak at 2 ppm probably due to the presence of H-
bonded vicinal silanol (right in Fig. 2). These results confirmed that the
meso-zeolites with ratio of Si/Al from 25 to 200 show Brgnsted acidity
compared to non-acidic meso H-ZSM-5-959 (Si/Al = o0). This is in
agreement with the work reported by Shirazi et al. who demonstrated by
using NH3-TPD profile that the total acidity of the meso-zeolites de-
creases when Si/Al ratio increases [56].

3.2. Catalytic properties of meso H-ZSM-5-25¢ (Si/Al = 25, 50, 100, 200
and o0) in propane aromatization

In order to evaluate the catalytic activity of the zeolites as a function
of their acidity, related to their Si/Al ratio, meso H-ZSM-5-25¢ (Si/Al =

25, 50, 100, 200 and o) supports were exposed to propane in a
continuous flow reactor at T = 580 °C, P = 1 bar and with a total flow of
10 mL.min"! (5% Cs in Ar). The propane conversion obtained on the
bare meso-zeolites with several Si/Al ratios as well as the average
selectivity for light hydrocarbons and aromatics are depicted in Fig. A9.
Both meso H-ZSM-5-15¢ with the lowest Si/Al ratios, 25 and 50 exhibited
an important Cg conversion, 87 and 67%, respectively. The average
selectivity in aromatics for meso H-ZSM-5-35¢ (Si/Al = 25 and 50) was
significant: 45 and 31 wt%, along with 55 and 69 wt% of light hydro-
carbons, respectively. The formation of large amounts of aromatics
confirmed that these supports were highly acidic and capable of con-
verting propene intermediate into the targeted products, and hence
justify the low amount of propene observed in the gas phase during the
catalytic test (3.1 and 8 wt% for Si/Al = 25 and 50, respectively). The
lighter compounds were produced from acidic cracking, reported to be
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catalyzed by a penta-coordinated carbonium ion [67]. For Si/Al = 100
and 200, the C3 conversion (38 and 28%, respectively) and the selec-
tivity toward aromatics (9 and 7 wt%) were lower compared to the
previously described zeolites with lower Si/Al ratios. This may be
attributed to the low amount and the different nature of the zeolite
Brgnsted acid sites. It is important to note that the relative selectivity
toward propene was higher compared to the previous zeolites, with 16.3
and 22.3 wt% for meso H-ZSM-5-35¢ (Si/Al = 100 and 200), respectively.
The role of the acid sites in producing aromatics was confirmed when
meso H-ZSM-5-559 with no Brgnsted site (Si/Al = o) was studied for
propane aromatization and produced only light hydrocarbons with
propene as a major component (59.1 wt%) for 2% conversion of pro-
pane. All these results revealed that the meso H-ZSM-5-350 with low Si/
Al ratios (25 and 50) were more acidic and more selective for aromatics
than the other meso H-ZSM-5-959 with Si/Al higher ratios (Fig. A9,
Right).

3.3. Preparation and characterization of [Ga(iBw)s] supported on meso
H-ZSM-5-25¢

The grafting reaction of meso H-ZSM-5-95( with different Si/Al ratios
was carried out with an excess of [Ga(iBu)s] in pentane at room tem-
perature. The resulting materials were extensively washed with pentane.
The washing fractions and the gas evolved were transferred to another
reactor in order to measure by GC the amount of isobutane released
during the grafting reaction. The white powders were dried under vac-
uum (1 mPa) at room temperature for 3 h, affording Ga(iBu)s/meso H-
ZSM-5-55¢ (Si/Al = 25) (A), Ga(iBu)s/meso H-ZSM-5-25¢ (Si/Al = 50)
(B), Ga(iBu)s/meso H-ZSM-5-55¢ (Si/Al = 100) (C), Ga(iBu)3/meso H-
ZSM-5-55¢ (Si/Al = 200) (D) and Ga(iBu)3/meso H-ZSM-5-25¢ (Si/Al =
o0) (E) materials. These materials were characterized by DRIFT, solid-
state NMR, EXAFS, BET and mass balance analysis.

The gallium modified samples were characterized by IR spectros-
copy. In particular, the DRIFT spectrum of the material Ga(iBu)s/meso
H-ZSM-5-95¢ (Si/Al = 50) (B) revealed significant consumption of iso-
lated silanols, supported by the attenuation of the intensity of the band
at 3743 cm ™! (Fig. 3b). The bands appearing at 2800-3000 cm ' are
attributed to v(C—H) vibrations of alkyl moieties. The large and intense
band centered at 3475 cm ™! is due to Brensted acidic protons in inter-
action with pentane causing a red shift, from 3601 cm™! [68]. Upon
thermal treatment of the sample at 70 °C under high vacuum for 12 h,
the band at 3601 cm ™! reappears confirming the resistance of such sites
during the grafting. This result further demonstrated that the grafting

3800 3700 3600 3500 3400 3300

Kubelka Munk

N T T T N T 1 N I N I N I N T T !
4000 3800 3600 3400 3200 3000 2800 2600 2400 2200
wavenumber (cm™)

Fig. 3. DRIFT spectra a) of meso H-ZSM-5-55¢ (Si/Al = 50), b) after reaction
with [Ga(iBu)g] in pentane at 25 °C and (c) after thermal treatment at 70 °C and
high vacuum for 12 h.
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occurred selectively on the silanol groups located in the mesopores,
while the Brgnsted acidic sites in the micropores were not affected due to
the high kinetic diameter of the gallium precursor that does not allow
any access to the micropores contrarily to Ga(Me)s, used by van Santen
et al. [34,35]. Similar behaviors were also observed in the case of cat-
alysts (A), (C), (D) and (E) (Fig. A10-A13, respectively). Contrarily to the
case of (A) and (B), a partial consumption of isolated silanol groups was
observed from the IR spectra of (C), (D) and (E) (decrease of 3743 em™!
band intensity).

According to elemental analysis, the capability to graft gallium at
room temperature varies on the different supports and strongly depends
on the Si/Al ratio. When the latter increased from 25 to infinite, the
grafted amount of Ga decreased from 1 to 0.08 wt% (Table 1). This is in
accordance with the decrease in the volume of the mesopores when the
Si/Al ratio increases, as shown in Table A3. The low Ga loading obtained
on meso H-ZSM-5-95¢ (Si/Al = 100, 200 and oo) can be explained by the
blockage of the mesopores by the organometallic complex at the
beginning of the grafting reaction, thus limiting the diffusion of the
complex into the mesopores. These results are in agreement with the
DRIFT spectra of (C), (D) and (E) that showed only a partial consumption
of silanols (Figs. A11-A13).

The quantification by GC analysis of the gas evolved during the
grafting reaction displayed a release of 0.9 isobutane in the case of [Ga
(iBu)s] on meso H-ZSM-5-55¢ (Si/Al = 50) (B). Additionally, elemental
analysis of (B), contains 0.92 wt% of Ga and 1.7 wt% of C. These results
suggested that the surface gallium species was predominantly monop-
odal, bearing two isobutyl fragments, as reported in the case of [Ga
(iBu)3] on meso H-ZSM-5-55q (Si/Al = 20) [38]. The same features were
obtained for the other materials (Scheme 1), independently of the Si/Al
ratio (see Table 2), suggesting that the same surface species were
formed.

Additional information concerning the gallium modified meso H-
ZSM-5-550 were obtained via Ny physisorption measurements. Catalysts
(A) and (B) obtained on meso H-ZSM-5-95¢ with low Si/Al ratio (25 and
50) revealed an important decrease of their surface area as well as of
their total pore volume (Table A4 and right in Fig. 1). This decrease was
previously observed while grafting GaMeg on H-ZSM-5 and was attrib-
uted to the pore blockage [34]. Consequently, it is expected that [Ga
(iBu)s] was grafted mainly in the mesopores and is unable to access the
10-membered ring system of the ZSM-5 bearing the Brgnsted acid sites
(in micropores) as revealed by DRIFT. For the rest of the supports (Si/Al
=100, 200 and ), a slight decrease in the surface area and in the total
volume pores was observed which is in agreement with the partial
grafting of [Ga(iBu)s] in the mesopores as revealed by elemental anal-
ysis and DRIFT spectra.

Complementary evidence of the grafting was obtained by using solid-
state MAS NMR. In the 'H MAS NMR spectrum of Ga(iBu)s/meso H-ZSM-
5-950 (Si/Al = 50) (Fig. 4, left), several signals appeared at 0.9, 2 and 4
ppm corresponding to methyl groups of isobutyl fragments, to the Al-OH
(EFA) and to the Brgnsted acid sites, respectively. The weak peak above
7 ppm has previously been assigned to disturbed BAS, most likely due to
the presence of pentane traces which is difficult to completely remove.
The 3G CP MAS spectrum consisted in two signals at 25.6 and 30.9 ppm,
attributed to CH3 and CH from the isobutyl groups, respectively.
Methylene carbon Ga-CHj, expected to resonate around 27 ppm ac-
cording to published works is hidden by the large peaks (Fig. 4, right).

Table 1

Mass balance analysis of catalysts (A), (B), (C), (D) and (E).
Samples %wiGa %wC i-BuH/Ga
Ga(iBu)3/meso H-ZSM-5-»5, (Si/Al = 25) (A) 1 1.75 0.9
Ga(iBu)3/meso H-ZSM-5-,5, (Si/Al = 50) (B) 0.92 1.7 0.89
Ga(iBu)3/meso H-ZSM-5-55¢ (Si/Al = 100) (C) 0.25 0.45 0.85
Ga(iBu)3/meso H-ZSM-5-55¢ (Si/Al = 200) (D) 0.11 0.2 0.87
Ga(iBu)s/meso H-ZSM-5-25¢ (Si/Al = o0) (E) 0.08 n.d 0.82
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Scheme 1. Grafting of [Ga(iBu)s] onto meso H-ZSM-5_55¢ (Si/Al = 25, 50,
100, 200 and oo0)

Table 2

Parameters obtained from the fit of the EXAFS spectrum for Ga(iBu)s/H-ZSM-
5-350 (Si/Al = 50).” The error interval generated by the fitting program
“RoundMidnight” is indicated for each variable parameter between parentheses.

Path® Y RA) 0% (AY
Ga-0 1 1.807(12) 0.0042(16)
Ga-C1 2 1.98(2) 0.0025(10)
Ga-0< 1 2.47(4) 0.017(8)
Ga-C2 2 3.00(2) 0.0036(18)
Ga-Si 1 3.25(7) 0.057(75)

2 Ak: [2.0-13.4 A~'] - AR: [0.4-3.9 A]; S3 = 0.96; AEO = 7.0 + 0.7 €V (the
same for all shells); Fit residue: p = 3.4%; Quality factor: (AX)Z/D =2.57Ww=15/
26).

Similar behavior was observed in the NMR spectra of catalysts (A), (C),
(D) and (E) (Figs. A14-A17).

To conclude, DRIFT, solid-state NMR and mass balance analysis are
in agreement with the formation of a monopodal species on the different
meso H-ZSM-5-95¢ (Scheme 1).

The local structure of the material Ga(iBu)s/meso H-ZSM-5-550 (Si/
Al = 50) was investigated by X-ray absorption spectroscopy at the Ga K-
edge. The EXAFS spectrum with the corresponding Fourier-transformed
magnitude and imaginary component for [Ga(iBu)s] grafted onto meso-
H-ZSM-5-25¢ (Si/Al = 50) are shown in Fig. 5 and the fit parameters
given in Table 2. In this spectrum, we observed two principal maxima. A
peak between 0.8 and 2.0 A, corresponds to scattering from light atoms
(O, Q) in the first coordination sphere of Ga. In fact, Ga is bonded to 2C
atoms of the isobutyl ligands, as well as 1 O atom derived from the
support, in agreement with the mass balance analysis (vide supra), in

r T T T T
10 8 6 4 2 0 -2 -4

5 ("H/ppm)

Catalysis Communications 187 (2024) 106825

which monopodal species were proposed (Table 2 and Scheme 1). The
fitted Ga—O (1.807(12) A) and Ga—C (1.98(2) A) bond distances are
both slightly shorter than values previously reported by our laboratory
for grafted [Ga(iBu)s] on meso H-ZSM-5-35¢ (Si/Al = 20), 1.88(1) and
2.07(2) A, respectively [38]. However, the range of Ga—C distances
reported for terminal Ga—C bonds in [HGa(iPr);]s, 1.995-2.131 i\, is
compatible with what we observed in the case of catalyst (B) [69].
Moreover, the Ga—O distance (1.807 A) falls in the range expected for
terminal Ga-OR bond lengths (1.79-1.89 ./OX) [70,71].

The other maxima in the FT magnitude between 2.2 and 3.0 A is
assigned to non-bonded atoms in the second coordination sphere of the
Ga. The curve fit is compatible with the presence of two non-bonded C
atoms at a distance of 3.00 A, as Ga is surrounded by two isobutyl li-
gands, each bearing a secondary carbon. In addition, two other long
paths: Ga-O (2.47 10\) and Ga—Si (3.25 10\), make it possible to obtain a
good fit of the experimental spectrum. In summary, all the above con-
tributions from EXAFS are consistent with the presence of grafted
monopodal species, [(=Si0)Ga(iBu).].

3.4. Catalytic activity of [Ga(iBu)s] catalysts on meso H-ZSM-5-250

In order to evaluate the effect of the Si/Al ratio in propane aroma-
tization, the resulting grafted materials were tested in the same condi-
tions as the bare zeolitic support meso H-ZSM-5-35¢0. Ga(iBu)s/meso H-
ZSM-5-55¢ (Si/Al = 50) displayed a higher conversion (88% vs 67%)
than the non-modified meso-zeolite (Si/Al = 50) at early times on
stream (Fig. A18). At 900 min, the products consisted in 36.6 wt% of
benzene, 26.1 wt% of toluene, 13 wt% of methane, 10.5 wt% of ethene,
7 wt% of ethane and 5.7 wt% of propene, along with traces of C4. It is
important to note that the selectivity toward aromatics remains constant
over the time on stream. The low amount of propene indicates the ca-
pacity of this catalyst, more specifically of the Brgnsted acid sites located
in the micropores of the zeolite, to catalyze oligomerization and
aromatization of the olefins intermediates [24]. Moreover, the presence
of Ga in the zeolite resulted in an increased selectivity toward aromatics
(up to 64 wt% along with 36 wt% of light hydrocarbons). Fig. A18
highlights the importance of Ga in the mesopores of the zeolite (Si/Al =
50). The presence of Ga led to a considerable difference in the product
distribution. The essential features were reduction of the cracking
products observed earlier in the bare zeolite and promotion of aroma-
tization reactions. The average selectivity of aromatics doubled (64 wt
%) when gallium was grafted on the meso-zeolite (Si/Al = 50) compared
to 32 wt% of aromatics for the bare support. It is evident that gallium has
a substantial effect for this reaction. As the well accepted mechanism for
propane aromatization involves propane dehydrogenation accompanied
by propene oligomerization/cyclization, the initial dehydrogenation
step is thus important and will govern the activity and selectivity.
Supported single site gallium is known to be a promising alkane dehy-
drogenation phase and converts part of the propane to propene. The

b)

T
100 80 60 40 20

5 ("*Clppm)

Fig. 4. a) TH MAS and b) '°C CP MAS NMR spectra of of Ga(iBu)g/meso H-ZSM-5-55¢ (Si/Al = 50), (B) (11.7 T, 10 kHz).
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Fig. 5. Ga K-edge k3-weighted EXAFS (left) and Fourier transform (right, modulus and imaginary part; distances uncorrected from phase shifts) of Ga(iBu)g/H-ZSM-
5-250 (Si/Al = 50). Solid lines: Experimental; Dashed lines: Fit (spherical wave theory).

generated propene can readily react with Brgnsted acidic sites located in
the micropores to undergo oligomerization/cyclization. Such combina-
tion is essential in order to achieve high activity and selectivity in BTX.
On the other hand, in the absence of gallium, mainly cracking reactions
of propane over Brgnsted acidic sites are observed.

The catalytic performance of all the catalysts is summarized in Fig. 6.
Catalyst (A) revealed also a high conversion of 97% with an important
selectivity toward aromatics of 66 wt% along with 34 wt% of light hy-
drocarbons (Fig. A19). The lowest amount of propene was observed with
the most acidic catalysts (A) and (B) with lowest ratios of Si/Al (25 and
50), exhibiting only 2.2 and 5.3 wt% (Fig. 6b). Catalysts (C) and (D) with
higher ratios of Si/Al (100 and 200) showed a quick deactivation and a
lower amount of BTX compounds produced (Fig. 7), due to the low
acidity of the used supports. Consequently, the amount of propene
produced in these catalysts increased (10 wt% for (C) and 16.2 wt% for
(D)), compared to catalysts (A) and (B) (Figs. A21-22). The deactivation
was more pronounced with the increase of silica amount in the support.
Hence, Ga(iBu)s/meso H-ZSM-5-95¢ (Si/Al = o) revealed a very low
conversion of 2.5% with high selectivity in the dehydrogenation prod-
uct, propene (71.8 wt%) and absence of BTX (Fig. A23). This result can
be explained by the absence of Brgnsted acid sites in this support as
shown by DRIFT and 'H MAS NMR. In conclusion, the selectivity in
aromatics is related to the Si/Al ratio of the [Ga(iBu)s] on meso H-ZSM-
5-950, that decreases when Si/Al ratio increases. This tendency was also
reported earlier for GaOy supported on microporous H-ZSM-5 prepared
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by incipient wetness impregnation [27]. The enhanced activity [72]
observed in this case can be attributed to the control immobilization of
isolated Ga site through the meso-porous zeolite support. It is widely
accepted that propane aromatization proceeds consecutively via pro-
pane dehydrogenation followed by propene cyclization/aromatization
where the immobilized Ga is responsible for the rate determining pro-
pane dehydrogenation step. Recent studies have revealed that isolated
Ga is the active species in alkane dehydrogenation [73] which exhibits
higher activity than Gap,03. Having isolated Ga highly dispersed in the
zeolite support will offer a beneficial effect on the cascade reaction.
On meso H-ZSM-5-250 (Si/Al = 50), we observed a high selectivity in
aromatics accompanied with the formation of light hydrocarbons. These
findings showed that several reactions like cracking, dehydrogenation,
aromatization and hydrogenolysis occurred simultaneously during
propane aromatization. These reactions are expected to be somewhat
tunable by thermodynamic parameters such as the reaction tempera-
ture. Choudhary et al. demonstrated that the selectivity and distribution
of the aromatic products were highly affected by the operating tem-
perature [74,75]. Therefore, supplementary efforts were made to
investigate the influence of temperature and propane concentration
with respect to the product selectivity and distribution of aromatics
during propane aromatization over Ga(iBu)s/meso H-ZSM-5-55¢ (Si/Al
= 50). Based on the data obtained at 580 °C, we studied the propane
aromatization on catalyst (B) at 500 and 540 °C in the same conditions
(total flow of 10 mL.min ! (5% of C3in Ar)). Decreasing the temperature
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Fig. 6. Left: propane conversion of [Ga(iBu)3] on meso H-ZSM-5-250: (Si/Al = 25) in magenta, (Si/Al = 50) in brown, (Si/Al = 100) in red, (Si/Al = 200) in blue and
(Si/Al = ) in black. Right: Selectivity in wt% of aromatics (full) of Ga(iBu)g,/meso H-ZSM-5-550 Conditions: T = 580 °C, total flow = 10 mL.min ! (5% of C3 in Ar).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Propane conversion (left) and selectivity in aromatics (right, in wt%) of Ga(iBu)s/meso H-ZSM-5-55¢ (Si/Al = 50) (B); Conditions: black curve at T = 500 °C,
blue curve at T = 540 °C and red curve at T = 580 °C with a total flow = 10 mL.min~* (5% of C3 in Ar). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

to 500 °C led to the lowest conversion (Fig. 7, black curve) and selec-
tivity toward aromatics among the three temperatures. Propane con-
version decreased to 38% but seemed to be more stable over the time
compared to the conversion at 580 °C, while the selectivity toward ar-
omatics decreased slightly from 64 wt% to 56.7 wt%. At 540 °C, the C3
conversion was about 57% (Fig. 7, blue curve) with high stability as a
function of time on stream and high selectivity toward aromatics with
62 wt%. The variation of the temperature from 500 to 580 °C showed
that the best compromise between activity and selectivity to aromatics
(high activity, 88% and selectivity toward BTX, 64 wt%) was obtained at
580 °C. Therefore, this temperature was selected to investigate the in-
fluence of the gas composition on the conversion and selectivity of Ga
(iBu)3/meso H-ZSM-5-35¢ (Si/Al = 50) in propane aromatization.

When propane concentration in the feed was increased from 5 to
10%, the conversion decreased from 88% to around 72% (Fig. A24). The
selectivity toward aromatics decreased as well from 64 wt% to 58 wt%.
Increasing the propane concentration to 20% in Ar, the conversion
reached its lowest (58%) and the selectivity toward aromatics decreased
to 51.4 wt%.

To sum up, optimizing thermodynamic and kinetic parameters such
as temperature and propane concentration in the feed shows that the
most promising results were obtained at 580 °C with 5% of propane in
the feed.

4. Conclusion

The main objective of this work is to investigate the effect of the
Brgnsted acidity over gallium immobilized H-ZSM-5 for propane
aromatization and to determine the most promising reaction conditions.
The first stage involves preparation of a series of H-ZSM-5 with different
Si/Al ratio (Si/Al = 25, 50, 100, 200 and oo) tuned by controlled addi-
tion of NaAlO, on fumed silica followed by desilication-delaumination
to create the meso-pores. These materials were characterized by XRD,
N, adsorption/desorption and EDX and served as support for gallium
immobilization. Prior to grafting of the gallium precursor on the sup-
port, these materials were dehydroxylated at 250 °C and characterized
by DRIFT, solid-state 'H MAS NMR and Ny adsorption/desorption. The
grafting of [Ga(iBu)s] occurred on the silanol sites of these meso H-ZSM-
5-250 (with Si/Al = 25, 50, 100, 200 and o) and led to a monopodal
gallium species [(=SiO)Ga(iBu),], evidenced by DRIFT, high field solid-

state NMR (*H and '3C), N, adsorption/desorption, EXAFS as well as
mass balance analysis. Importantly, the immobilization of Ga occurred
selectively on the silanol groups located in the mesopores while the
Brgnsted acid site located in the micro pores remained intact due to
judicious choice of the organometallic precursor having a particular
kinetic diameter to only enter the meso pores. Thus, bifunctional cata-
lysts including Ga sites for dehydrogenation and Brgnsted acid sites for
aromatization were obtained and they were tested in propane aroma-
tization. The gallium functionalized materials exhibited higher activity
and selectivity compared to the pristine zeolites support which gave
mainly propane cracking products. This result confirmed the role of Ga
and its high capacity of dehydrogenating propane into propene. The
effect of Si/Al ratio on the catalytic performance of the catalyst as well as
the distribution in the reaction products were evaluated. At low Si/Al
ratio of meso H-ZSM-5-35¢ (25 and 50), a very high activity and selec-
tivity toward the aromatics was obtained compared to Ga(iBu)s/meso H-
ZSM-5-95¢ (Si/Al = 100 and 200). Simultaneously, the lack of acidity in
high ratios of Si/Al led to a low formation of aromatics compounds. On
non-acidic meso H-ZSM-5-35¢ (Si/Al = ), aromatic compounds were
absent, and a very low activity was obtained. Operating at lower tem-
perature results in a considerably lower conversion and selectivity to-
ward aromatics. The variation of the gas composition in the feed affected
the activity and the selectivity of products; the most promising results
were obtained at lower concentration of propane in the feed. Supple-
mentary studies and characterization techniques are required to further
investigate the Ga species formed under the operating conditions, as
well as their potential role in catalysis.
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