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ABSTRACT

The Zn-loaded zeolite ZSM-5 is an active and promising catalyst for the conversion of methanol to aro-
matics with high yield. In this work, we have investigated the catalytic performance of shaped Zn-
ZSM-5/alumina catalysts in this reaction at industrially relevant pressures. This has been combined with
extensive characterization to identify the active Zn species. It is clear that the introduction of Zn leads to
an improved catalyst lifetime when the reaction is carried out at elevated pressure. A clear shift from
reaction pathways leading to alkane formation to pathways leading to molecular hydrogen formation
during the production of aromatics is observed. For industrial catalysts, Zn incorporation is conveniently
carried out by impregnation after shaping. A significant migration of Zn into the zeolite ion exchange
positions is observed upon calcination of impregnated catalysts, and it is these species that are active
for the reaction. At high Zn loadings, ZnAl,04 species observable by X-ray absorption spectroscopy, but
not detectable by diffraction, are formed in the alumina binder.

© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

Zeolites and zeotypes are extensively studied inorganic materi-
als due to their practical application as heterogeneous catalysts for
several industrial processes [1-6]. Among these applications, the
methanol-to-hydrocarbons conversion processes (MTH) have
acquired remarkable importance in the last decades, as these are
a promising nonpetroleum alternative for the production of high-
octane gasoline or base chemicals such as short-chain olefins or
light aromatics [7-9]. In fact, it is the versatility of the MTH tech-
nologies, together with the possibility of producing methanol from
a wide variety of carbon sources, that makes these processes so
important, especially in regions with a limited oil supply, but an
abundance of other carbon resources, including coal or natural
gas and also biomass, or more recently CO,, as renewable carbon
sources [10-14]. Lately, there has been renewed interest in the
production of aromatics from methanol, since aromatics are exten-
sively used industrial intermediates and their consumption is
expected to grow in the near future [15]. The incorporation of tran-
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sition metals into zeolites has been proven to be an efficient strat-
egy to tune the MTH reaction mechanism toward the formation of
aromatics: methanol to aromatics (MTA) [16-21]. Among several
combinations of zeolites and transition metals, ZSM-5 is the zeolite
providing the most promising MTH performance and Zn is one of
the metals with the highest promoting capacity toward aromatics.
In such a bifunctional catalytic system, the Brensted acid sites
(BAS) and Lewis acid sites (LAS) of the zeolite catalyze the metha-
nol transformation into hydrocarbons. The zeolite framework pro-
vides the system with shape selectivity properties, and the extra
Lewis acid sites from the transition metal add an additional dehy-
drogenation activity. In this way, aromatization of olefins, which
involves cyclization reactions and hydrogen loss (dehydrogenation
or hydrogen transfer), can be favored by that extra dehydrogena-
tion functionality, producing aromatics and hydrogen instead of
alkanes as hydrogen-rich reaction by-products.

Several of the MTH technologies are ready for commercial oper-
ation, and production plants for different hydrocarbons have been
started up in the last decades [22-27]. This growth has happened
hand in hand with very intensive research on the processes and
the catalysts [7,9,28-38]. However, most of the fundamental
research has been done using pure zeolites as catalysts. In contrast,
structuring and shaping are necessary for the industrial utilization
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of zeolites, since a powdered catalyst is not a viable option for
large-scale operation [39]. Due to the low self-binding properties
of the zeolites, additives or inorganic binders are used for the shap-
ing. This adds a complexity level and, even if pure zeolites are rel-
atively well understood, shaped catalysts have been much less
intensely investigated in the regular scientific literature related
to MTH processes [1,40]. Binders are used to disperse the zeolites
and provide assembling properties and the physical resistance nec-
essary for their industrial use. Commonly, commercially available
silica, alumina, or clays are used for this purpose. Although binders
are often perceived as inert components, it is well known that they
can influence activity, mass transfer properties, and coking phe-
nomena. Moreover, they can represent a source of poisoning spe-
cies or other mobile species that may even alter the nature of the
zeolites [41-44].{Shoinkhorova, 2019 #338}

In preparing a potential industrial catalyst for the MTA process,
a transition metal (Zn in our case) must be incorporated into the
zeolite/binder system, making the material even more complex.
As an important complicating factor, we point out that impregna-
tion before shaping/binding is not practical beyond the laboratory
scale. The promoting effect of Zn is known to be dependent not
only on the amount of Zn, but also on the type of Zn species
and the location of the metal in the catalyst. Zn species in the
exchange position of the zeolite are quite active as dehydrogena-
tion centers [17,21,45]. Determining with certainty both the Zn
location and the nature of the metal species in pure zeolites is
already quite challenging due to the spectroscopic quietness of
Zn, and extensive characterization is required. When a shaped
material is the subject of study, the situation becomes even more
complicated. The general effects of shaping on methanol-to-
hydrocarbons catalysts have been discussed by Michels et al.
[43] and Shoinkhorova et al. [44]. For this type of catalyst, Zn spe-
cies are likely to be different from those existing in pure zeolites.
Moreover, the metal can be incorporated either into the zeolite or
onto the binder or—most likely—distributed between both, pre-
sumably having different effects depending on the location within
the shaped material. Thus, the characterization should be targeted
toward determining the Zn location as the first and most critical
question.

In this work, we aim to study the effect that Zn has on MTA per-
formance for real catalysts and how the dehydrogenation activity
varies depending on the location of Zn, type of sites, and Zn con-
tent. With this purpose, we have produced a spherelike catalyst
by spray-drying a slurry containing ZSM-5 and alumina. These
spheres were later impregnated or ion-exchanged to incorporate
Zn. Incorporating Zn into the zeolite before spray-drying would
simplify the problem, but since fine powders are not easy to deal
with on a large scale, impregnation after shaping is a more realistic
industrial approach. To understand the nature of these impreg-
nated shaped catalysts, it is useful to compare them with the pure
zeolite (active phase) and with pure alumina samples (binder).
Thus, those two materials are used in the study for comparison.
We have investigated the catalytic performance of these materials
for the conversion of methanol to aromatics. However, due to the
complex MTA chemistry, the materials have been investigated also
as dehydrogenation catalysts for the conversion of cyclohexane
and for dehydrogenation and cyclization using 1-heptene as reac-
tant as relevant model reactions. These testing results are dis-
cussed against extensive characterization data, including
scanning electron microscopy (SEM), nitrogen adsorption, powder
X-ray diffraction (PXRD), Fourier transform infrared spectroscopy
(FTIR), and X-ray absorption spectroscopy (XAS). Our main objec-
tive is ultimately to understand which kinds of metal sites are
formed and how they are distributed between the zeolite compo-
nent and the binder phase within the shaped catalysts and ulti-
mately how this affects the catalytic performance.
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2. Experimental
2.1. Catalyst preparation

Three series of catalysts were prepared by incorporating Zn (by
impregnation or ion exchange) into three parent materials: pure
ZSM-5 samples, spray-dried zeolite/alumina catalysts, and spray-
dried alumina. A sample list and details on the Zn incorporation
are provided in Table 1.

The parent pure zeolite used was commercial ZSM-5 with Si/
Al = 40 (CBV-8014, Zeolyst International). The spherically shaped
zeolite/alumina sample, on the other hand, was prepared by
spray-drying a slurry with 30% total dry matter. This slurry was
made from H-ZSM-5 zeolite (40% of the dry weight, CBV-8014, Zeo-
lyst International) with alumina (60% of the dry weight, Catapal B).
First, the zeolite was mixed with water corresponding to twice the
weight of the zeolite. Second, Catapal B was mixed with a 2% solu-
tion of nitric acid made using the remaining water. These slurries
were then stirred to get homogeneous mixtures and mixed to form
the final slurry. The slurry was aged for 30 min before spray drying.
The spray-dried material thus obtained was calcined in static air at
550 °C using a 5-h heating ramp and a 5-h hold time.

As mentioned before, Zn was incorporated into the parent solids
by impregnation or ion exchange. In the case of the zeolite/alumina
spray-dried material, both incorporation methods were used and
compared (Table 1). Ion exchange was carried out three times at
80 °C using excess 0.15 M solution of Zn(NOs), and the obtained
sample was calcined at 550 °C for 5 h. In the case of the samples
prepared by impregnation, the desired amounts of Zn (1% and
10% of the solid weight) were dissolved in a volume of water cor-
responding to the pore volume of the solid, as calculated from N,
physisorption experiments. The resulting solution was added drop-
wise to the solid, resulting in a wet solid in which, as planned, all
the solution was absorbed. The Zn-containing pure zeolite sample
used for comparison was prepared by ion exchange according to
the procedure described in detail in [21]: the zeolite was
exchanged three times with excess Zn(NOs), at 80 °C and then cal-
cined at 450 °C for 2 h. Since pure alumina does not have any
cations to be exchanged, Zn-containing samples were prepared
only by impregnating the parent spray-dried alumina, following
the same procedure as described for the zeolite/alumina samples.

2.2. Catalyst characterization

The particle size and size distribution of the materials were ana-
lyzed by SEM, using an FEI XL30 electron microscope with a field
emission gun operated at 15 kV. The calcined zeolite samples were
placed on aluminum stubs with double-sided carbon tapes. To
minimize charging, the samples were coated with a thin layer of
carbon (approximately 30 nm in thickness).

Table 1
Sample list, approximate Zn content, and experimental details for the incorporation of
Zn into the different solids.

Sample Parent material Zn incorporation method

Impregnation Ion exchange

Z-Parent HZSM-5
Z-31E
ZB-Parent
ZB-1Zn
ZB-10Zn
ZB-3IE
B-Parent
B-1Zn
B-10Zn

3 times
HZSM/Alumina —
1%
10%

3 times

Alumina
1%
10%
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X-ray diffractograms were recorded using a Siemens Bruker
D500 instrument in Graff-Brentano geometry with CuKa; radiation
(k = 1.5406 A).

The chemical composition of the calcined samples was studied
by ICP-OES using a Rigaku Supermini200 WD-XRF instrument,
applying an analytical method based on DS/EN/ISO 12677.

Adsorption properties of all the materials were evaluated by
nitrogen adsorption-desorption measurements performed at the
nitrogen boiling point (-196 °C) on a Bel Belsorp-mini II instru-
ment. Before the measurements, the samples were pretreated
under vacuum for 1 h at 80 °C and then for 3 h more at 300 °C. Sur-
face area and pore volume values were calculated using the BET
equation and t-plot method, respectively [46,47].

Fourier transform infrared spectroscopy (FTIR) experiments
were carried out using a Bruker Vertex 80 instrument in transmis-
sion mode equipped with a mercury cadmium telluride (MCT)
detector and using a resolution of 2 cm™!. Pyridine was used as a
base probe molecule, but before they were dosed, samples were
pretreated under vacuum (<10~> mbar) at 450 °C for 1 h (temper-
ature ramp to the set point: 3 °C/min). Once pretreated and
exposed to pyridine, samples were outgassed at 200 °C to remove
the excess and the physically adsorbed pyridine. The areas of the
bands at 1544 and 1455 cm™! were used for quantification of the
BAS and LAS, respectively, using the integrated molar extinction
coefficient reported previously [48].

Zn K-edge XAS experiments were performed at the BM23 beam-
line [49] of the European Synchrotron Radiation Facility (ESRF,
Grenoble, France). Catalysts of the series ZB (Table 1) were care-
fully ground to powder and then prepared in the form of self-
supporting pellets of optimized mass and thickness for XAS in
transmission mode. For the catalysts with Zn content close to
1 wt% (namely ZB-IE3 and ZB-1Zn), we employed ca. 140 mg of
powder, resulting in edge jumps Apx ~ 0.2 with total absorption
after the edge px ~ 2.5. For the catalyst with Zn 10 wt% (namely
ZB-10Zn), we employed ca. 75 mg of powder, obtaining an edge
jump Apx ~ 1.3 with total absorption after the edge px ~ 2.5. All
the samples were characterized in their as-prepared state at RT
in air. The two catalysts with Zn ~ 1 wt% were further activated
at 400 °C inside a dedicated glass cell equipped with Kapton win-
dows, which allowed measurements under a controlled atmo-
sphere. For activation, the catalysts were first outgassed in
vacuum at 400 °C for 1 h and then exposed for 1 h to 100 mbar
of pure O, at the same temperature. Once activated, the samples
were cooled under vacuum and measured at RT inside the same
glass cell.

Zn K-edge XAS spectra were collected in transmission mode,
using a Si(111) double-crystal monochromator. The incident (Iy)
and transmitted (I;,) X-ray intensities were collected by ioniza-
tion chambers filled with He/Ar mixtures. A third ionization
chamber (I;) was used for the simultaneous collection of the
XAS spectrum of a Zn metal foil for energy calibration purposes
[50]. Rejection of higher harmonics was performed by two flat
Si mirrors positioned at 2.5 mrad with respect to the incident
beam. XAS scans were acquired in the range 9500-10,635 eV,
with an energy step of 5 eV in the pre-edge region, of 0.2 eV in
the XANES region, and a constant k step of k = 0.035 A~! in the
EXAFS region. Integration time was 1 s/point in the XANES region,
while it increased quadratically from 1 to 4 s/point in the EXAFS
region, globally resulting in ca. 25 min/scan. To characterize each
sample, we acquired four or three consecutive XAS scans for cat-
alysts with Zn 1 and 10 wt%, respectively. After energy alignment
and normalization to the edge-jump using the Athena software
from the Demeter package [51], the four px(E) curves were aver-
aged, after checking for signal reproducibility. The corresponding
k*>-weighted (k) functions were Fourier transformed (FT) in the
range Ak = 2.3-11.0 A~
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To assist the interpretation of the XAS results, we also collected
Zn K-edge XAS data for selected model systems. These included
hydrated Zn(II), obtained by measuring the XAS spectrum of a
50 mM aqueous solution of Zn(NOs),, as well as the pure Zn-
exchanged zeolite component (Z-3 E), measured after activation
at 420 °C in O, as described in more detail in our previous studies
[21,52]. Moreover, to assess the local properties of Zn ions in the
sole binder component, we characterized the two Zn-
impregnated alumina samples (B-1Zn and B-10Zn) by XAS. XAS
spectra for the latter materials were collected at RT in air, using
the same data collection strategies and parameters described
above for the investigated zeolite/alumina systems.

We employed these reference spectra also for a linear combina-
tion fit (LCF) analysis of the XANES spectra collected for as-
prepared and activated ZB-type catalysts. LCF analysis was per-
formed in the energy interval 9643-9713 eV, using Athena [51].
Each experimental XANES, uf*? (E), was fitted as a linear combina-
tion of three reference XANES spectra, ufEf (E): utF (E) = wy pfEF
(E) + wy p5EF (E) + wy p§EF (E), optimizing the weights w; for each
reference spectrum. peF (E) and p5=F (E) were selected to represent
zeolite-related Zn species in the form of hydrated Zn(Il) complexes
and dehydrated framework-coordinated Zn ions (modeled by the
spectrum of activated Z-3IE). Conversely, u5tF (E) was aimed at
modeling the binder-related Zn: in this case we employed as a ref-
erence B-1Zn or B-10Zn, using the Zn-loading comparable with
each analyzed experimental spectrum. LCF was performed by
imposing 0 < w; < 1, but without constraining the sum of the
weights to unity, X;w; = 1. The best-fit values of Z;w; were instead
examined as an additional indicator of the LCF quality. For each
analyzed scan, the corresponding LCF R-factor was computed as
5 [WEXP; (E) - pk<F; (B)P[ =; [ne*P; (E,)]%, where j denotes each exper-
imental point in the fitted energy range (9643-9713 eV); R-factor =0
corresponds to the ideal reproduction of the experimental curve,
HEXP (E) = HLCF (E)

2.3. Catalytic testing

For the conversion of methanol to hydrocarbons, a commercial
Microactivity Effi fixed bed reactor constructed by PID Eng&Tech
was employed. The catalytic tests were carried out using a
continuous-downflow fixed-bed stainless steel tubular reactor
with an inner diameter of 45 mm and a total length of
304.8 mm. The reactor has a porous plate (Hastelloy C, 20 pm)
designed to ensure that the catalyst bed remains in the same posi-
tion and inside the isothermal zone of the furnace. Aiming to sim-
ulate industrial conditions, 400 °C and a total pressure of 20 bar
were used in all the cases. The Microactivity unit was fully auto-
mated and controlled from a PC, and the temperature of the reactor
was controlled and monitored using a multipoint thermocouple
placed in the lower part of the catalyst bed, above the porous plate.
Two points were selected for temperature measurement: first at
5 mm above the frit (control and measurement), and second at
30 mm above the frit (only for measurement purposes). This was
designed to ensure isothermal conditions along the catalyst bed.
Nitrogen was used as an inert diluent gas, and the flow rate was
adjusted by a mass flow controller. Methanol was fed as a liquid
from a pressurized vessel using a Coriolis flow controller, and then
vaporized and mixed with the nitrogen in a preheater at 190 °C,
generating a gas mixture with a constant molar percentage of
methanol of 10%. In a typical test, 500 mg of catalyst (pellet size
of 250-420 pm, bed height 3.9 cm) was used and a methanol flow
rate of 2.5 g/h (diluted in nitrogen, 260 N mL/min) was selected to
obtain a weight hourly space velocity (WHSV) of 5 h~'. In all cases,
tests were performed in excess of catalyst and 100% conversion
was reached. Before each reaction, catalysts were pretreated at
atmospheric pressure to remove any traces of water or organic
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molecules that might be adsorbed in the zeolite pores. In a first
step, temperature was ramped up to 550 °C, exposing the catalysts
to a 20% 0, 80% N, flow, and then the flow was changed to 80% O,
and 20% N, and the temperature was kept at 550 °C for 1 h. Finally,
any excess of O, was flushed out with 100% N, flow while the sys-
tem was cooled to reaction temperature. The reactor effluent
stream was depressurized and analyzed on line by gas chromatog-
raphy using an Agilent 6890 A instrument equipped with a flame
ionization detector (FID) and a Supelco SPB-5 capillary column
with dimensions of 60 m x 0.53 mm x 3 pm.

To study the dehydrogenation and cyclization activities of the
catalysts, samples were tested for the conversion of cyclohexane
and 1-heptene. These experiments were carried out in a fixed-
bed U-shaped reactor with inner diameter 6 mm operated at
atmospheric pressure and 400 °C. The temperature was moni-
tored during the reaction using a thermocouple covered with a
3-mm-wide quartz sheath located in the lower part of the cata-
lyst bed in contact with the catalyst. Typically, 90 mg of catalyst
(pressed and sieved into 250 to 420 pm particles) was used after
pretreatment in situ by heating in 20% O, in He to 550 °C and
exposure to 80% O, flow for 1 h at the same temperature. Both
cyclohexane and 1-heptene were fed by flowing helium through
a flask of boiling reactant, and the saturated steam was subse-
quently passed through a water-cooled condenser kept at a con-
trolled temperature. An extra line with pure He was used to
dilute the reactant feed and adjust the total flow to the reactor
to 17 mL/min for all the experiments. The reactant flows were
set to have the same equivalent carbon concentration for all the
experiments, instead of trying to maintain the space velocity
between experiments with different reactants. Thus, in the case
of cyclohexane, 3.6 mL/min of He was flowed while the condenser
connected to the saturator was kept at 35 °C, giving a final partial
pressure of cyclohexane of 43 mbar (which results in a WHSV of
1.7 h™'), and for n-heptene, on the other hand, 4.4 mL/min of He
was passed through the saturator at 37.5 °C to obtain a partial
pressure of n-heptene of 37 mbar (WHSV = 2.0 h™ ') The reactor
effluent was analyzed on line by gas chromatography using an
Agilent 7890 instrument equipped with an FID and a Restek
Rtx-DHA-150 column.

3. Results and discussion
3.1. Catalytic performance for the conversion of methanol to aromatics

We focus here on the performance of the shaped Zn-loaded
materials prepared by different methods (impregnation after shap-
ing and ion exchange after shaping) and with different Zn loadings.
A detailed discussion of the role of Zn loading in neat powdered
ZSM-5 catalysts is presented in our previous work [21]. Fig. 1,
top panel, shows the conversion to hydrocarbons for the shaped
material when tested at WHSV = 3 h™!, Treaction = 400 °C, methanol
partial pressure 1 bar, and total pressure 20 bar. It appears that
1 wt% Zn is insufficient to influence the lifetime of the materials
significantly. Repeated experiments showed that the reproducibil-
ity (evaluated by the time required to reach 50% conversion)
is + 6%, demonstrating that the minor differences between the par-
ent and the 1 wt% Zn catalysts are indeed insignificant. A further
increase in Zn loading to 10 wt% by impregnation of the spheres
clearly leads to an improvement in catalyst lifetime. An impreg-
nated sample with 5 wt% Zn (not otherwise included in the further
characterization and discussion) displayed an intermediate life-
time, verifying that the effect is systematic. We note that the oppo-
site effect, a reduced lifetime upon Zn loading, was observed for a
series of ion-exchanged powdered zeolites tested at 1 bar total
pressure [21]. This will be elaborated below.
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Fig. 1. Conversion of methanol to aromatics as a function of time on stream over
different-shaped catalysts (Table 1) at WHSV = 5 h™!, Treaction = 400 °C, methanol
partial pressure 1 bar, and total pressure 20 bar. Top panel: conversion; middle
panel: yield of aromatics; bottom panel: C4 hydrogen transfer index.

The middle panel of Fig. 1 shows the yield of aromatics against
time on stream. It appears that the yield of aromatics depends pri-
marily on the conversion, and that only a marginal increase is seen
for the 5 and 10 wt% Zn catalysts at 100% conversion. The C4 hydro-
gen transfer index (C4-HTI), defined as the ratio of paraffinic C4 to
total C4, is shown in the bottom panel of Fig. 1 and provides more
information. See the Supplementary Material for a detailed exam-
ple describing the changes in paraffin/olefin ratio observed for the
Zn-containing catalysts. It is evident that the C4-HTI decreases sub-
stantially and systematically as the Zn content is increased. The
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implication is that whereas the yield of aromatics increases only
marginally with Zn content, the aromatization mechanism is sub-
stantially affected. By a simple argument based on the fixed H/C
stoichiometry of the total products (the H/C ratio must be 2), there
must be a shift from hydrogen transfer reactions leading to paraffin
formation to reaction steps leading to the formation of molecular
hydrogen with increasing Zn content. Note that molecular hydro-
gen is detectable in the effluent for the Zn-containing catalysts,
as shown in the Supplementary Material. This proves the validity
of the hydrogen transfer index as a relevant descriptor for the
mechanisms by which the aromatics are formed. Note also that
the total amount of C4 formed is fairly constant at 20 C% at 100%
conversion for all experiments. The same shift in mechanism, also
inferred from the C4-HTI, was observed in our previous experi-
ments using powdered zeolites at 1 bar total pressure. This allows
us to comment on the seemingly opposite behavior seen for the
catalyst lifetime when comparing tests at elevated pressure (pre-
sent work) and ambient pressure (previous work) [21].

At low pressures, we see an increase in aromatics yield, a
reduction in lifetime, and a shift toward molecular hydrogen for-
mation with increasing Zn content. It is straightforward to associ-
ate coke formation with aromatics formation, and thus a shorter
lifetime at high Zn loadings when the yield of aromatics is high.
At high testing pressures, however, the aromatics yield is largely
unaffected, the lifetime is increased, and the same shift in mech-
anism is seen. It thus appears that pressure alone is sufficient to
increase the aromatics yield. At a nearly constant yield of aromat-
ics, one could reasonably assume that the coke selectivity is cor-
respondingly little affected. This does not, however, account for
the increase in lifetime. We therefore speculate that at higher
testing pressure, the hydrogen produced at high Zn loadings
somehow attenuates the coking. It has recently been established
that even protonic zeolites display longer lifetimes in the pres-
ence of molecular hydrogen [53,54], and we suspect that either
the acid sites or the active Zn species contribute to this effect
when the partial pressure of hydrogen in the effluent is compar-
atively high.

The experimental data presented in Fig. 1 and discussed above
serve to demonstrate that we have prepared improved MTA cata-
lysts by Zn incorporation by impregnation of the ZSM-5/alumina
spheres, and the remainder of the article will be devoted to an elu-
cidation of the responsible active Zn species.

3.2. Location of Zn and identification of the nature of Zn species

To understand how Zn is incorporated into the complex shaped
materials, the series of samples prepared from different parent
solids (pure zeolite, shaped zeolites, and pure alumina) and with
different Zn content (Table 1) have been studied using a variety
of characterization methods. The main material under study, the
spray-dried ZSM-5/alumina, was analyzed by SEM to examine
the morphological characteristics of the obtained solids. From the
SEM micrographs in Fig. 2, it is clear that most of the particles
are sphere- or mushroom-like and that particle size distribution
is rather narrow. Since the spray-drying method is by definition
a quick drying of a slurry in cyclonic circulating hot air, all the par-
ticles have a smaller or larger hole caused by the evaporation of
water from the solid. Impregnation and ion exchange do not lead
to visible changes in the microscope, and SEM characterization of
the parent powdered zeolite is presented elsewhere [21].

The chemical composition of the calcined Zn-containing solids
was determined by ICP-OES, aiming to evaluate if the incorpora-
tion of Zn had been successful and to compare Zn content between
samples. In our experience, zeolites easily incorporate Zn in the ion
exchange positions up to a certain content [21], and normally, for
the impregnated samples, all the Zn in the solution in contact with
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the solid is incorporated. Comparing ion-exchanged samples (Z-3IE
and ZB-3IE), the amount of Zn incorporated into the shaped cata-
lyst (ZB) is significantly lower than that in the pure zeolite
(Table 2). This observation is reasonable, considering that the zeo-
lite content in ZB-3IE is 40% of the total weight of the sample, so
the number of aluminum/Bregnsted sites available for ion-
exchange is less than half. In fact, considering the elemental anal-
ysis results, 44% of the aluminum sites in the pure zeolite (Z-3IE)
have been exchanged with Zn and, if we assume that all the Zn
(0.08 mmol/g) is incorporated into the zeolite exchange sites of
the shaped material (ZB-3IE), 44% of the zeolite aluminum sites
of this sample have also been exchanged with Zn. Considering
the (partly coincidentally) good correlation of the numbers, one
could be tempted to hypothesize that using this incorporation
method, Zn is mainly directed to the zeolite exchange positions
instead of being randomly distributed between the zeolite and
the binder. However, further studies providing more conclusive
proof of the exact location and nature of Zn in the shaped catalysts
are necessary to verify that.

Looking now at the impregnated samples and provided that the
pore volume calculations were done for pretreated samples and
that, for the impregnation procedure, hydrated materials were
used (this slightly affect the amount of solid weighed in), in all
cases the final Zn content is very close to the theoretical one
(Tables 1 and 2).

It is known from previous studies that the presence of metal
ions in the channels of the zeolite does not cause remarkable
changes in the adsorption capacity of the materials. However, very
high Zn content, as for our samples, could give rise to the formation
of Zn agglomerates, which in turn could provoke spatial restric-
tions in the porous solids; so it is important to observe if the
adsorption properties of the materials change upon Zn incorpora-
tion. All the samples, parent and Zn-containing ones, were studied
by N, physisorption measurements in order to evaluate any varia-
tion in the textural properties or adsorption capacity. The nitrogen
isotherms of all the pure zeolites (Z-x series) and the zeolite/binder
materials (ZB-x) show quite a steep increase in the nitrogen uptake
at relatively low partial pressures of nitrogen (Fig. 3). The pure zeo-
lites (left panel) have isotherms with a very typical shape of micro-
porous materials (type I-II). However, the alumina samples (right)
have quite different isotherms, showing very limited nitrogen
uptake at low partial pressures with a quite rapid increase in the
volume of nitrogen adsorbed when the nitrogen partial pressure
is high (isotherms type IV-V). Such behavior is characteristic of
nonmicroporous materials. Finally, the shaped catalysts display
intermediate behavior, with both hysteresis and a fairly steep
increase in nitrogen uptake at intermediate nitrogen partial pres-
sures (isotherms of type IV), which shows that there are also some
pores or interparticle spaces in the range of the meso-macropores
[55]. These differences can also play a role in the incorporation of
Zn, as the formation of larger agglomerates is more feasible in
materials with a greater nonmicroporous surface.

Surface area and pore volume values were calculated from the
isotherms and are collected in Table 3. The variation of the surface
area and pore volume in pure zeolites exchanged with Zn has been
studied previously [21], and from this previous study, it is clear
that neither the surface nor the pore volume vary systematically
upon Zn incorporation, so it was concluded that the presence of
Zn clusters or ZnO agglomerates in the micropores of the zeolites
was not likely and that Zn ions in the zeolite exchange sites were
not causing any special restriction. For the shaped catalysts or alu-
mina samples with low Zn loading, this situation appears to per-
sist. However, for the 10 wt% Zn loading samples, the situation
changes. In both these cases, there is a significant reduction of
the surface area with the incorporation of Zn into the materials
(Table 3).
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Fig. 2. SEM images of the calcined shaped catalysts before Zn incorporation (ZB-parent).

Table 2
Elemental composition of the Zn-containing samples after calcination.

Sample Elemental analysis (wt.%) Elemental analysis (mmol/g)
Al Si Zn Al Si Zn
Z-31IE 1.0 43.6 1.0 0.36 15.52 0.16
ZB-3IE 28.3 20.0 0.53 10.5 7.12 0.08
ZB-1Zn 28.0 19.8 0.98 104 7.05 0.15
ZB-10Zn 25.6 18.1 8.79 9.49 6.44 1.34
B-1Zn 514 0.00 1.01 19.05 0.00 0.15
B-10Zn 46.0 0.00 9.12 17.05 0.00 1.39
300
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Fig. 3. Nitrogen adsorption-desorption isotherms of calcined samples with different natures (pure zeolites, shaped catalysts, and alumina) and Zn content. Solid symbols

correspond to adsorption data and empty symbols to desorption.

Table 3
Surface area and pore volume of the parent and Zn-exchanged ZSM-5 samples.

Sample Surface area (m?/g) Pore volume (cm?/g)
Z-Parent 439 0.33
Z-3IE 415 0.27
ZB-Parent 307 0.38
ZB-3IE 305 0.38
ZB-1Zn 297 0.38
ZB-10Zn 250 0.32
B-Parent 94 0.39
B-1Zn 92 0.38
B-10Zn 82 0.33

It is known that the presence of Zn alters the acidic nature of
zeolites, replacing protons in the exchange sites, so that the num-
ber of Lewis acid sites (LAS) increases at the expense of the number
of Brensted acid sites (BAS) [21]. To explore the effect of Zn on the

acidic properties of zeolite/alumina catalysts, samples were stud-
ied by FTIR using pyridine as base probe molecule. Fig. 4 shows
the spectra of the activated samples and of the samples after
chemisorption of pyridine. The high-frequency regions of the spec-
tra are nearly flat in all cases: neither the band at 3610 cm™?, tra-
ditionally assigned to BAS [Si-(OH)-Al], nor the band characteristic
of isolated silanols [Si-OH] is as clear for any of the shaped cata-
lysts as for the pure zeolites. Similarly, the vibrational band corre-
sponding to BAS after adsorption of pyridine (1544 cm™!) is very
small for all the shaped catalysts (Fig. 4). Such a reduction in the
density of BAS for shaped catalysts is expected, and has been
ascribed to the interaction of alumina with the zeolite. Unfortu-
nately, that means that it is very difficult to identify a variation
in the acidic properties upon Zn incorporation; as the number of
(observable) BAS is so low in the parent, the quantification
becomes unreliable. What can be clearly tracked, on the other
hand, is the progressive increase in the density of LAS with incor-
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Fig. 4. FTIR spectra of the parent H-ZSM-5 and the Zn-containing HZSM-5 zeolites
after dosing of pyridine and outgassing at 200 °C. The insets show the OH-stretching
regions.

poration of Zn, which is clearly visible in the spectra of the samples
after adsorption of pyridine (band at 1455 cm™!) and becomes
even clearer from the quantification data (Fig. 4, Table 4). This
observation means that, similarly to what has been demonstrated
for pure ZSM-5 samples, the incorporation of Zn in the shaped
materials leads to the formation of new LAS, presumably active
in dehydrogenation.

Further insight into the nature of these new LAS can be obtained
from the shape of the associated band in the spectra of the samples
after pyridine adsorption (Fig. 4). This band is quite symmetrical
for the parent shaped material (ZB). However, for the impregnated
sample ZB-1Zn, the band acquires a noticeable asymmetry, which
turns into a clear shoulder in the case of the sample with 10% Zn
(ZB-10Zn) (Fig. 4). Together with the decrease in the surface area
detected in nitrogen physisorption experiments (Table 3), this
can be an indicative of the presence of Zn sites other than [Z(Zn
(OH)] (where Z indicates coordination to zeolite lattice oxygens

Table 4
Density of acid sites detected by FTIR analysis using pyridine as base probe molecule.

Brensted (mmol/g) Lewis (mmol/g)

Z-Parent 0.31 0.12
Z-3IE 0.17 0.70
ZB-Parent 0.07 0.13
ZB-3IE 0.06 0.28
ZB-1Zn 0.04 0.41
ZB-10Zn 0.01 0.99
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close to an Al exchange site) in the impregnated samples, espe-
cially in the one with high Zn content.

The characterization data presented so far help us to identify
the effect of the presence of Zn on the physicochemical properties
of the materials. However, they do not provide information regard-
ing the local environment or the nature of the Zn sites. To deter-
mine the Zn speciation and assess the local properties of Zn ions
in the shaped catalysts (series ZB-x), we have employed Zn K-
edge XAS. The technique has previously provided encouraging
results in the investigation of Zn-modified pure zeolites
[21,52,56-58], overcoming the difficulties often arising in connec-
tion with the “spectroscopically silent” character of Zn ions [59].
Here, through the use of an appropriate set of model systems,
XAS allowed us to take a step further in resolving the complexity
connected with the combined zeolite-binder system.

Fig. 5 shows an overview of the XAS results obtained for ZB type
catalysts, in their as-prepared and activated state (Fig. 5b, 5d, 5f),
in comparison with relevant reference spectra (Fig. 5a, 5c, 5e).
The reference spectra comprise XAS data for hydrated Zn(II) ions,
representative of Zn ions in the zeolite component, as well as for
framework-coordinated Zn(II) species in the activated zeolite, dis-
cussed in detail in our previous work on Zn-modified neat and
powdered ZSM-5 MTA catalysts [21]. Moreover, as references for
Zn ions in the binder component, we considered the XAS spectra
of Zn-impregnated Al,03 (materials from the series B-x), with Zn
loadings of 1 and 10 wt%, which is the same as for the investigated
Zn containing ZB catalysts. Based on very similar XANES spectra
reported in the previous literature [60,61], these model systems
can be safely described as Zn-aluminate nanospinel phases. Here,
as a function of the Zn loading, we note only subtle differences in
the relative intensity of the three XANES peaks in the range
9664-9673 eV. In line with previous comparisons among Zn K-
edge XANES of nanosized and bulk Zn-aluminate [60,61], at 1 wt
% Zn-loading, smaller ZnAl,0,4 aggregates should be formed than
in the Zn 10 wt% case. This evidence is further corroborated by
the EXAFS results in Fig. 5c and 5e. Here, the intensity of the
first-shell peak stemming from Zn-O scattering contributions is
substantially unchanged as a function of the Zn loading. However,
all the EXAFS features at greater distances are dampened for B-1Zn
with respect to B-10Zn, indicating smaller and/or more disordered
ZnAl,0, clusters at low Zn loading.

The XAS spectra of as-prepared Zn containing shaped zeolite/
alumina samples revealed a mix of the characteristic features of
hydrated Zn(ll) hosted in the zeolite component and Zn-
aluminate phases formed in the binder. The two catalysts with
low Zn loading (ZB-1Zn and ZB-3IE) display very similar XAS spec-
tra in the XANES and EXAFS regions. Conversely, the as-prepared
ZB-10Zn catalyst is almost overlapped with the one of the B-
10Zn model system, qualitatively indicating that, in this case, a
major fraction of the total Zn in the material is located in the bin-
der, possibly upon approaching of saturation of the available
exchange sites in the zeolite.

We further examined the XAS spectra of the two low-loading ZB
catalysts after activation (ZB-1Zn and ZB-3IE). In both cases, a pro-
nounced decrease of the XANES intensity in the white-line peak
region (9664-9671 eV) is observed, suggesting the conversion of
hydrated Zn(Il) species in the zeolite component to framework-
coordinated Zn(II) moieties. Nonetheless, the characteristic finger-
prints of binder-related Zn-aluminate phases (e.g., the XANES
peaks at 9673 and 9687 eV, completely absent in the Z-3IE refer-
ence) are still visible, supporting the simultaneous presence of Zn
species in both zeolite and binder after activation.

Starting from these qualitative insights, we turned to XANES
linear combination fit (LCF) analysis to estimate the fractional con-
tribution of different Zn species in the zeolite and binder compo-
nents of the ZB catalysts. As references in our LCF analysis, we
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Fig. 5. Zn K-edge XANES spectra of (a) selected model systems adopted as a
reference in the data analysis and (b) Zn-containing catalysts belonging to the ZB
series in the as-prepared and activated state. (c, d) As (a, b) but reporting the
magnitude of the phase-uncorrected FT-EXAFS spectra, obtained by transforming
the I*-weighted k?y (k) EXAFS functions in the k-space range 2.3-11.0 A='. (e, f) As
(c, d) but reporting the imaginary parts of the FT-EXAFS spectra.

employed the same model spectra as shown in Fig. 5 and discussed
above (see Experimental for details on the fitting model). LCF
results are reported in Fig. 6 and Table 5. The selected references
enabled a high-quality reproduction of all the collected Zn contain-
ing zeolite/alumina XANES spectra, with R-factor values always
lower than 3 x 10~ The resulting optimized fractions of Zn spe-
cies are illustrated by pie charts in Fig. 6 and detailed in Table 5.
As can be noted in the last column of Table 5, in all the cases the
>w; values were comparable with unity within the corresponding
LCF errors, also supporting the robustness of the fitting model.
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Globally, XANES LCF results corroborate the interpretation pro-
posed above. In particular, low-Zn-loading catalysts in their as-
prepared state are well reproduced by a combination of Zn-
aluminate species in the binder (accounting for ca. 60-70% of total
Zn in samples prepared by IE and impregnation) and hydrated Zn
(II) ions in the zeolite. Nonetheless, minor contributions from
dehydrated zeolite-coordinated Zn species (modeled through the
reference spectrum for activated Z-3IE) are also observed, possibly
located in the innermost portions of the ZB spheres. Interestingly,
this observation contrasts with what is found for powdered Zn zeo-
lites [21], where virtually all the Zn ions occur in their hydrated
form under ambient conditions. However, it can reasonably be
connected with different hydrophilicity properties of the shaped
ZB-catalysts with respect to the powdered-zeolite ones, possibly
also influenced by the properties of Zn-aluminate phases shown
to form in the binder. As-prepared ZB-10Zn is best fitted to 91%
of Zn-aluminate species in the binder, with a very minor contribu-
tion of 1% hydrated Zn(II) but still ca. 8% of dehydrated, zeolite-
coordinated Zn species.

Based on the XANES LCF results (giving fractions of each Zn-
species over the total amount of Zn present in the sample, w;-w3
in Table 5) and the compositional analysis (Table 2), it is possible
to estimate the absolute content of Zn in both zeolite (hydrated
Zn(Il) and/or dehydrated, zeolite-coordinated Zn ions) and binder
(Zn-aluminate species). The results, also reported in Table 5, evi-
dences for as-prepared low-loading ZB catalysts a similar amount
of Zn hosted in the zeolite, slightly higher for ZB-1Zn
(0.04 mmol/g) with respect to ZB-3IE (0.03 mmol/g). A substantial
increase in the amount of Zn hosted in the zeolite, up to
0.12 mmol/g, is instead found for the most active catalyst, ZB-10Zn.

In the activated catalysts with 1 wt% Zn loading, LCF analysis
reveals quite similar Zn speciation for the two samples: ca. 40%
of total Zn is found to occur as binder-related ZnAl,0,4, while
zeolite-coordinated Zn(II) species account for the remaining ca.
60%. Not surprisingly, no trace of hydrated Zn(II) is observed under
these conditions, albeit for consistency the corresponding refer-
ence spectrum was included in the LCF model. Notably, the activa-
tion procedure (see Experimental for details) appears to enhance
the fractional contribution of Zn in the zeolite to the expenses of
binder-related Zn-phases with respect to the as-prepared state.
Within the LCF uncertainty (slightly higher here than for as-
prepared materials) it appears plausible that migration of Zn spe-
cies from the binder to the zeolite could occur upon activation,
similarly to what has been documented for physical mixtures of
Zn-containing oxides and zeolites upon thermal treatment [62].

Aiming to support the XAS results with a complementary proof
of the presence of ZnAl,0, phases in the Zn containing shaped
materials, we have performed XRD experiments on the samples
in search for crystallographic signs of the described nanospinels.
Powder X-ray diffraction patterns of the samples with and without
Zn are collected in Fig. 7. Pure zeolites used as reference have all
the peaks characteristics of MFI samples. This does not change
when Zn is added. In the case of the alumina reference samples,
the XRD shows something that also remains constant upon Zn
incorporation. Finally, looking at the ZB series, ZB-Parent has some
of the characteristic MFI peaks, but the intensity changes, since
more than half of the sample weight is alumina. Clearly, the zinc
aluminate inferred from XAS is not sufficiently crystalline and/or
comprises too small crystallites for detection with XRD.

3.3. Evaluation of dehydrogenation capacity of the Zn sites

It is known from previous contributions [21] that it is not only
the amount of Zn but also the nature of the Zn sites and the loca-
tion of the metal in the zeolite (or more importantly zeolite/binder
in our case) that play crucial roles in the catalytic behavior of the
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Fig. 6. Comparison between experimental (colored circles) and LCF (black solid lines) XANES spectra obtained for (a-c) as-prepared and (d, e) activated Zn-containing
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Table 5

XANES LCF results for as-prepared and activated Zn-containing ZB catalysts. Columns in mmol/g are the result of the combination of the LCF results and the total Zn content

measured for the samples (see Table 2).

As-prepared ZB catalysts (RT, air)

Sample wy: hyd. Zn(II) wy: Z-31E ws: B-1Zn/B-10Zn R-factor Zn in Z (mmol/g)* Zn in B (mmol/g)”
ZB-3IE 0.312 + 0.003 0.10 £ 0.01 0.60 + 0.01 1.0 x 1074 0.03 0.05

ZB-1Zn 0.206 * 0.002 0.066 + 0.007 0.727 + 0.008 0.6 x 1074 0.04 0.11

ZB-10Zn 0.010 £ 0.002 0.082 + 0.01 0.91 + 0.01 0.6 x 1074 0.12 1.22

Activated ZB catalysts (act. O, 400 °C, measured at RT)

Sample wy: hyd. Zn(II) wy: Z-31E ws: B-1Zn R-factor Zn in Z(mmol/g)® Zn in B (mmol/g)”
ZB-3IE 0.00 + 0.02 0.57 £ 0.01 0.44 £ 0.01 22 x 1074 0.05 0.03

ZB-1Zn 0.00 £ 0.02 0.57 £ 0.02 0.43 +0.02 2.7 x 1074 0.09 0.06

2 Calculated as (w; + w,) x total Zn content (mmol/g) determined by ICP-OES for each sample (Table 2).
b Calculated as ws x total Zn content (mmol/g) determined by ICP-OES for each sample (Table 2).

samples when used as MTA catalysts. The presence of Zn enhances
the formation of aromatics and molecular hydrogen due to the
extra dehydrogenation capacity that it confers on the catalyst.
However, MTA is a quite complex process in which many chemical
transformations are taking place at the same time, and it is not
straightforward to extract information about single reaction steps
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from the overall MTA performance discussed in Section 3.1. Thus,
in order to simplify the study and to gain more specific informa-
tion, we decided to use alternative reactants for the comparison
of Zn dehydrogenation capacity: cyclohexane and 1-heptene. The
experiments were done as described in Section 2.3, keeping a sim-
ilar partial pressure of carbon for all the experiments. Both a cyclic
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Fig. 7. Powder X-ray diffraction patterns of the reference parent zeolite and the calcined shaped materials (pure alumina and zeolite/alumina solids) with different Zn

incorporation type and content.

and a noncyclic reactant were employed, as the sequence of dehy-
drogenation and cyclization is unknown. The first observation is
that under similar reaction conditions, the conversion of 1-
heptene is generally higher than the conversion of cyclohexane
(Figs. 8 and 9). This might be reasonable considering that the reac-
tivity of alkenes is generally higher than the reactivity of
cycloalkanes.

Looking at the cyclohexane conversion obtained with the differ-
ent catalysts, is clear that pure zeolites are in most cases more
active than the shaped catalysts. This is intuitive, considering that
only 40% of the weight of the shaped catalysts is the active phase.
For the shaped materials to be more active than the pure zeolite, a
large amount of Zn is necessary; the sample with 10% Zn is the only
one resulting in higher conversion than the pure zeolite (Fig. 8).
We attribute this to the high concentration of LAS upon extensive
Zn incorporation (Table 4).

Turning now to the product distributions, it should be realized
that a catalyst with only dehydrogenation capacity would produce
benzene as the main reaction product. However, the Brgnsted acid
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Fig. 8. Conversion of cyclohexane. Reaction temperature is 400 °C, cyclohexane
partial pressure is 43 mbar, total pressure is atmospheric, and WHSV = 1.7 h™".
Results collected after 5 min on stream.
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sites of the zeolite can catalyze other reactions, such as cracking,
methylation, and hydrogen transfer, giving a wider distribution
of products. Looking at the product distribution (Fig. 10) both for
the pure zeolites and for the shaped catalysts, there is an increase
in the production of aromatics comparing parent samples and sam-
ples with Zn. This increase is quite dramatic in the case of the sam-
ple Z-3IE, for which most of the products are aromatics. In this
catalyst, there is no indication of Zn environments other than Z
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[Zn(OH)] (ion exchange sites) [21], which are considered very
active as dehydrogenating agents. For the shaped materials, for
which the situation becomes more complicated, the effect of Zn
is dependent not only on the Zn content but also on the prepara-
tion method and the type of Zn sites in the material. In this sense,
even if sample ZB-1Zn contains a larger amount of Zn than ZB-3IE,
the impregnated shaped catalyst produces less aromatics and more
of the short-chain nonaromatic products (Fig. 10), demonstrating
that the location of the Zn and the kind of interaction with the zeo-
lite or the binder also play a role. In sample ZB-3IE most of the Zn is
incorporated as Z[Zn(OH)] species, as it does in a pure zeolite,
whereas the distribution of sites could be different in the case of
ZB-1Zn for which the metal is initially to a larger degree located
in the binder (Fig. 6). However, ZB-10Zn displays very high selec-
tivity toward aromatics, comparable to that of Z-3IE. This indeed
suggests that the majority of the ion exchange sites are occupied
by Zn also for this catalysts, in line with XANES LCF results
(Fig. 6 and Table 5). Finally, it may be noted that binder and
impregnated binder display very low activity, as one might expect
for a material without any zeolite component present. Clearly, nei-
ther the regular zeolite Brensted acid sites nor the active Zn species
(Zn located in the exchange positions of the zeolite crystals) can be
formed in this type of material.

In the case of the conversion of 1-heptene, all the samples are
very active, showing conversion levels very close to 100% (not
shown), rendering comparisons of activities impossible. Unlike
the case of cyclohexane, when feeding 1-heptene, the main reac-
tion products are C,-C4 olefins (Fig. 9). It is, however, possible to
evaluate the variations in the dehydrogenation and the cyclization
capacity of the catalysts by analyzing the aromatics yields. Essen-
tially, the same observations as seen for cyclohexane feed can be
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made, albeit much less clearly so. However, the production of aro-
matics does increase slightly in the presence of Zn both for the
pure zeolites and for the shaped catalysts. When using pure alu-
mina (series B-x) as catalysts, nearly only cracking products are
obtained, possibly suggesting that the ZnAl,0,4 spinel phase in
the binder induces very limited (dehydrogenation) activity, at least
in the absence of proximal BAS.

4. Conclusions

A series of Zn-loaded shaped ZSM-5/alumina catalysts for the
conversion of methanol to aromatics have been investigated. Only
a moderate increase in the aromatics yield is seen at total pressure
20 bar upon Zn incorporation, but the catalyst lifetime is substan-
tially increased, and the mode of hydrogen transfer is profoundly
shifted from paraffin formation to formation of molecular hydro-
gen. The best catalyst is prepared by impregnating 10 wt% Zn onto
the shaped material. Using a combination of characterization tech-
niques, it has been possible to distinguish between Zn species
located in the zeolite component and in the binder. At low Zn load-
ing, ion exchange of the shaped material leads primarily to Zn spe-
cies in ion exchange positions, whereas the more scalable and
practical process of impregnation of already shaped material
results in a larger fraction of Zn located in the binder. However,
after calcination the situation is comparable, suggesting that the
metal can migrate to the exchange sites during activation. For
the catalysts prepared by impregnation, a high Zn loading is
required for optimum catalyst performance with respect to life-
time. A high dehydrogenation capacity at high Zn loadings demon-
strates that the ion-exchange sites in the zeolite become saturated
with Zn species when excess Zn is employed during impregnation.
For both ion exchange and impregnation, the Zn not present in the
zeolite is distributed within the binder as small/disordered ZnAl,-
0,4 clusters not observable by X-ray diffraction.
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