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ABSTRACT

Coke formation is a major reason in deactivation of acidic zeolite catalysts in industrial processes
such as methanol to hydrocarbons conversion. Protecting the surface of acidic zeolite with an inert
porous shell can greatly hinder the coke formation on the surface, and hence boost the lifetime of
the catalyst. In this work, a solid-state steam assisted method for synthesis of such optimized
protective shell (silicate-1, ~ 15 nm thickness) is designed. This general and simple protocol can
be applied to acidic zeolite catalysts to improve their catalytic lifetime. The silicalite-1 shell is
synthesized on mesoporous ZSM-5 zeolite to explore its catalytic activity in methanol to
hydrocarbons conversion. XPS and TEM analysis confirm the full coverage of mesoporous zeolite
crystals by non-acidic shell. In addition, Nitrogen physisorption shows the accessibility of
mesoporous ZSM-5 via microporous silicalite-1 network. Applying this protective shell increases
the lifetime of the catalyst by 100 % and its conversion capacity by 200 %, in comparison to
mesoporous ZSM-5 without the shell. The controlled formation of thin layer of microporous
silicalite-1 around mesoporous ZSM-5 crystals (without growth of individual silicalite-1) accounts

for enhanced catalytic improvement.

INTRODUCTION

Zeolites plays an outstanding role in the heterogeneous catalysis industry as microporous
crystalline aluminosilicate materials. Their remarkable applicability relies on their particular
properties such as high thermal stability, large surface area, strong acidity and a well-defined
microporous structure, which leads to shape selectivity in reactions.'™ In particular, ZSM-5
zeolite, which has the MFI topology with 3-dimensional channels (straight channels of 5.3x5.6 A

and sinusoidal channels of 5.1x5.5 A) is frequently used in hydrocarbon conversions, e.g.,



cracking, alkylation, isomerization and methanol to hydrocarbons. *° Even if ZSM-5 zeolite is
proven to be an efficient catalyst with a positive impact in a good number of industrial processes,
there is still room for improvements when it comes to their applicability. In fact, ZSM-5 zeolite
suffers from deactivation due to rapid coke deposition especially in the outer rim of the zeolite
crystals. Coke can be defined as any kind of large organic compound that challenges the diffusion
to the zeolite active sites causing their deactivation. This can occur either by irreversible adsorption
on the internal surface of the micropores blocking the accessibility of the reactants to the acid sites
or by coating the outer surface of the crystal blocking the entrance to the internal pore network.
This phenomenon results in the progressive decrease of the zeolite catalytic performance. Hence,
regeneration of the catalyst becomes essential, adding cost to the process. ®!° Therefore, it is crucial
to address this issue and improve the structural features in the microporous zeolite that can assist
to minimize coke deposition and prolong the lifetime of the catalyst.

The transport in and out of the micropores is delayed because of the diffusion barrier, which can
lead to secondary reactions of the reactants and products towards undesired by-products like coke
precursors. 13 An alternative that tackles the mass transfer issue in ZSM-5 zeolite is to enhance
the diffusion in the system, either by the introduction of a secondary porosity in the zeolite to
achieve hierarchical porous structure or by the decrease of the crystal size to nanometer scale,
thereby shortening the diffusion paths. *'® Mesoporous ZSM-5 zeolite with hierarchical pore
structure provides a shorter diffusion path, thus enhancing the accessibility to the active sites and
improving the resistance to deactivation by coke formation. '°2> The mesoporous system can be

created in the zeolite either by post-synthetic treatment such as alkali treatment and steaming®*%°

or by direct synthesis using hard/soft templates.?6-3°



Ideally, the proposed solution should address the coking issue, but the effect of acid site
concentration on the external surfaces of zeolite crystals cannot be neglected. These external acid
sites cause faster coke formation and blockage of the pore opening window due to lack of shape
selectivity for the reactions that take place on the outer surface.’! Another strategy that has been
investigated to resolve this problem is controlling the external surface acidity by covering the
zeolite crystal with a non-active layer such as silicalite-1.%27¢ Silicalite-1 shell has been reported
to be formed around ZSM-5 zeolite by dealuminating the outer surface’’, treating ZSM-5 zeolite
crystals with silicalite-1 seeds®® and one-step synthesis in alkaline or fluoride medium.** This
process turns the material into a core-shell structured zeolite. Moreover, similar materials can be
synthesized by seeded growth using mesoporous or conventional ZSM-5 zeolite as the seed
crystals.*1324%4! Unfortunately, these shell growth methods have negative side effects like
inducing nucleation of individual silicalite-1 seeds and lack of thickness control of the external

silicalite-1 layer which provokes the diffusion limitation and blockage of the pores.*!#?

The aforementioned surface passivation of acidic zeolites has been demonstrated by different
groups to enhance the catalytic performance in MTH.®**> Kustova et al. synthesized a mesoporous
ZSM-5 core-shell via a sophisticated method. The catalytic test showed that the novel mesoporous
ZSM-5 core-shell performs better than mesoporous ZSM-5 yet it suffers from rapid deactivation
due to structural defects.>? Very recently, Li et al. synthesized a silicalite-1 layer on mesoporous
ZSM-5. The materials is produced by dissolving a mesoporous ZSM-5 in a mixture of fumed silica
and TPAOH under hydrothermal conditions. They tested the catalyst for methanol conversion at

atmospheric pressure to demonstrate lifetime improvement.*’

Herein, we focus on a simple solid-state steam assisted method for creating a non-acidic ultrathin

silicalite-1 layer around mesoporous ZSM-5 crystals to address the issue of coke accumulation on



the surface of ZSM-5 zeolite during methanol to hydrocarbons transformation. In previous studies,
the shell is often grown so that the pores are blocked, which results in reduced accessibility to the
active sites in the crystals. Here, we report a new protocol to avoid pore blockage while growing
the layer of silicalite-1 on mesoporous ZSM-5. In addition, there is always the possibility of
individual nucleation of silicalite-1 via the sol-gel method synthesis, where the ZSM-5 is dissolved
in a mixture of silica source and structure directing agent. However, as we will show in this work,
our method effectively minimizes these risks. The conversion of methanol-to-hydrocarbon (MTH)
products such as light olefins, gasoline and aromatics has been the focus of several investigations
since the process was patented in 1977.%73° The most stable and active commercial catalyst for
methanol-to-gasoline (MTG) process is microporous ZSM-5 with Brensted acid sites within the
confined micropores and on the surface.’! Based on literature®? >, it is proposed that in the ZSM-
5 zeolites with interconnecting channels, the deactivation initializes through coke formation at the
outer rim of the crystallites, which will limit the access to the active sites. As the coke load
increases, the access limitation will grow overtime as well. Finally, at high coke content the
deactivation scenario is blockage of pore entrance by graphitic compounds, which will cause the
accumulation of hydrocarbon compound in the channel intersections and lead to complete
limitation of access to active sites. Thus, here the catalytic performances of conventional ZSM-5,
mesoporous ZSM-5 and the surface passivated mesoporous ZSM-5 (as illustrated schematically in
Figure 1) are tested in the MTH reaction under elevated pressure and temperature condition to
study the variation of their catalytic performance over the materials prepared by this method of

shell growth.
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Figure 1. Synthesized and tested samples. a) Conventional ZSM-5 (Conv-ZSM-5), b) Mesoporous

ZSM-5 (Meso-ZSM-5) and ¢) Mesoporous ZSM-5 covered by silicalite-1 shell (Shell-Meso-ZSM-

5).

EXPERIMENTAL

Catalysts preparation. In this study, three acidic ZSM-5 zeolite with different morphologies
were synthesized: a conventional ZSM-5, a carbon template mesoporous ZSM-5 and a mesoporous
ZSM-5 with an outer layer of silicalite-1.

Synthesis of conventional ZSM-5. Tetrapropylammonium hydroxide (TPAOH, Sigma-
Aldrich, 1.0 M in H>0) and tetraethyl orthosilicate (TEOS, Sigma-Aldrich, >99.0 %) were used as
the structure directing agent (SDA) and silicon source, respectively, in all of the syntheses. For
synthesis of conventional ZSM-5 (Conv-ZSM-5), 0.016 g of sodium aluminate (NaAlO», Sigma-
Aldrich, anhydrous) was dissolved in 7.2 ml TPAOH. Then 4.4 ml of TEOS was added dropwise
to the solution stirring in a Teflon beaker. The mixture was stirred for 1 hour and then heated in a
Teflon-lined stainless steel autoclave at 180°C for 24 h under autogenous pressure. The product
was separated from the liquid phase by filtration, washed several times with distilled water, dried
at 80 °C overnight and then calcined for 20 h at 550 °C. Finally, the sample was ion exchanged to

the proton form (see lon exchange section) and labelled as Conv-ZSM-5 (Figure 1 a)).



Synthesis of mesoporous ZSM-5. Mesoporous ZSM-5 zeolite was synthesized using carbon
black particles (BP-2000), with average particle diameter of 12 nm, as hard template. First, 0.01 g
of sodium aluminate was dissolved in 7.2 ml TPAOH and then 2 g of carbon black was
impregnated with the solution in a Teflon beaker and dried overnight at room temperature. The
dried mixture was impregnated with 4.4 ml of TEOS and dried overnight again at room
temperature. Then the beaker was placed in a Teflon-lined stainless steel autoclave and 15 ml of
distilled water was added into the autoclave, around the beaker, to produce saturated steam. The
autoclave was heated at 180 °C for 72 h. After the autoclave was quenched, synthesized powder
was collected, washed with distilled water, dried at 80 °C for 24 h and finally calcined at 550 °C
for 20 h. This sample was also ion exchanged to the proton form (see ion exchange section) and

labelled as Meso-ZSM-5 (Figure 1 b)).

Synthesis of silicalite-1 layer. A layer of silicalite-1 was grown around mesoporous ZSM-5 by
first pulverizing as-synthesized mesoporous ZSM-5 zeolite in a mortar and impregnating 1 g of
the powder with TPAOH until incipient wetness in a Teflon beaker. The mixture was well mixed
for 15 minutes and dried overnight at room temperature. Then the material was impregnated with
TEOS until incipient wetness method again and dried overnight at room temperature. The beaker
was placed in a Teflon-lined stainless steel autoclave and 15 ml of distilled water was added into
the autoclave, around the beaker, to produce saturated steam. The autoclave was heated at 180 °C
for 72 h. After the autoclave was quenched, synthesized powder was collected, washed with
distilled water, dried at 80 °C for 24 h and finally calcined at 550 °C for 20 h. The final product

was ion exchanged (see lon exchange section) and labeled as Shell-Meso-ZSM-5 (Figure 1 c)).

Ion exchange. Prior to catalytic testing, all ZSM-5 samples were ion exchanged by adding 1 g

of zeolite in 80 ml of I M ammonium nitrate aqueous solution and stirring the solution at 80 °C



for 1 hour. The process was repeated three times while the last ion exchange was carried out
overnight. Afterwards, the solid was separated from the liquid by centrifugation, washed with
water and dried in the oven for 12 h at 80 °C. The final solids were calcined at 550 °C for 10 h in

air to achieve protonated ZSM-5,

Characterization procedure. All of the fresh and spent catalysts were characterized with powder
X-ray diffraction at ambient atmosphere and temperature with a Bruker D8-A25 instrument using
monochromatic CuKal radiation (A = 1.5406 A) from a fine-focus sealed tube source and a
LynxEye XE position sensitive detector operated in transmission geometry using a 0.5 mm quartz
capillary. The patterns were analyzed by Rietveld refinement using TOPAS* to extract the unit
cell parameters. Elemental analysis was used to determine the exact amount of Si and Al in the
prepared zeolites. These analysis were carried out using inductively couples plasma optical
emission spectroscopy (ICP-OES) in an Agilent 720 ICP-OES spectrometer. X-ray photoelectron
spectroscopy (XPS) analysis was performed with a Thermo Scientific K-Alpha X-ray
photoelectron spectrometer equipped with a hemispherical analyzer and an Al Ka micro-focused
monochromator. The crystal sizes and morphologies were investigated by scanning electron
microscopy (SEM) using a Quanta 200 ESEM FEG operated at 20 kV and by transmission electron
microscopy (TEM) on a FEI Tecnai T20 G2 microscope operated at 200 kV. N» physisorption was
performed at liquid nitrogen temperature on a Micromeritics 3Flex surface area and porosimetry
analyzer. Samples were outgassed under vacuum at 400 °C overnight prior to measurement. In the
case of catalysts obtained from the quenching experiments, the pretreatment was carried out at 200
°C under vacuum to preserve hydrocarbons retained inside the structure. The specific surface area
(SgeT) wWas calculated from the N> adsorption data by BET method in the relative range (P/Po) of

0.05-0.3. On the other hand, micropore volumes (Vmicro) were determined using t-plot method.



Finally, the total pore volumes (Viotal) Were calculated from the amount of adsorbed nitrogen at the

relative pressure of P/P¢=0.95 (before the onset of interparticle condensation).

The amount of the acid sites and their distribution were measured by Fourier transformed
infrared spectroscopy (FTIR) with a Bruker VERTEX 70v instrument, using pyridine as the basic
probe molecule. The measurements were performed in transmission mode on self-supported
wafers, which were mounted in home-made quartz cells. In a typical procedure, the samples were
outgassed at 400 °C overnight under vacuum to remove adsorbed water. After dehydration, the
samples were cooled to 150 °C and exposed to pyridine vapors until complete saturation of the
pores. Finally, the samples were outgassed under vacuum at 150 °C for 2 h to remove the excess
physisorbed molecules of pyridine. Spectra were recorded at ambient temperature and have been

normalized to the framework vibration in the range of 1950-1760 min™!

in order to compare band
intensities for the entire spectra set. Temperature programmed desorption of Ammonia (NH3-TPD)
was measured on a Mettler Toledo TGA-DSCI. Prior to adding ammonia, the samples were heated
to 500 °C in a mix flow of He and Ar then cooled down to 150 °C. Then ammonia with the
concentration of 2 % in inert gases was introduced for 30 min at 150 °C followed by flushing with

pure inert gases for 3 hours to remove excess ammonia. Finally, the ammonia desorption was

implemented by elevating the temperature to 500 °C with a heating ramp of 5 °C min'.

The amount of coke deposited was quantified by thermo-gravimetric analysis (TGA) on a Netzsch
STA 449 F3- Jupiter equipment. The catalysts were heated at a rate of 5 °C min™! in synthetic air
to 900 °C. Soluble coke species trapped in the pores of zeolite catalysts were analyzed by following
the Guisnet method.>” Approximately, 15 mg of the used catalyst was transferred into a Teflon vial
with 1 ml of hydrofluoric acid (15 %) to dissolve the top layers of zeolite in order to release the

organic species. Then the organic molecules were extracted from the solution by adding 1 ml of



dichloromethane with ortho-chloro-toluene as internal standard. The extracted soluble coke was
then analyzed by GC-MS (Agilent 7890 GC with 5975 MSD) equipped with a J&W DB-5ms
column (60 m, 0.25 mm i.d. and film thickness of 0.25 um). The NIST98 database was used for

identification of the compounds.

Methanol to hydrocarbons reaction. Catalytic testing experiments were carried out in a fixed
bed stainless steel reactor with inner diameter of 6 mm (PID Eng&Tech, Microactivity Effi
reactor). A thermocouple was placed inside the reactor in contact with the top section of the
catalyst bed to monitor the temperature of the reaction. Catalyst powder was pressed, gently
crushed and sieved to fraction sizes of 250-420 pm in order to avoid pressure build-up. Catalytic
tests were performed at the pressure of 5 barg and temperature of 400 °C using 210 mg of the
fractionated catalyst. For each test, catalysts were pretreated in the reactor at 550 °C for 1 h in 100
Nml min! N, flow. Then, catalysts were calcined under pure oxygen flow to remove adsorbed
water and hydrocarbons. The temperature was lowered to the reaction temperature and the N2 flow
(102 NmL min'!), as the carrier gas, was flown through a heated evaporator to feed the methanol
(10 mol% in N>) into the reactor corresponding to WHSV of 4.7 gmeon gear ' h™'. The outlet effluent
stream was analyzed by online GC analysis with an Agilent 6890A equipped with a DB-5 (60 m

x 0.55 mm, 3 pum column) by J&W Scientific.

RESULTS AND DISCUSSIONS

Characterization of the catalysts. The powder XRD patterns of the template-free Conv-ZSM-
5, Meso-ZSM-5 and Shell-Meso-ZSM-5 are shown in Figure 2. All synthesized samples are highly

crystalline frameworks without impurities, having the MFI topology.
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Figure 2. XRD patterns with Rietveld refinements of the three fresh ZSM-5 zeolites.

Nitrogen physisorption provides textural properties of the synthesized samples. As it can be
observed in Figure 3, all samples show a relatively steep nitrogen uptake at partial pressures up
to P/Pp=0.01, which is an indication of the presence of micropores in MFI zeolite frameworks.
Conv-ZSM-5 has a typical type I isotherm (according to IUPAC classification)’®, which is
characteristic of microporous materials. The small hysteresis loops at around P/P¢=0.15 is due to
phase transition of N, in MFI micropores.>® Furthermore, the isotherm for the Meso-ZSM-5 is type
IV however, it contains a hysteresis loop at relative pressure higher than P/P¢=0.8 that indicates
the presence of certain mesoporosity.’®®! Shell-Meso-ZSM-5 sample also shows a type IV

isotherm but with hysteresis loop of type H2 closing sharply at relative pressure of 0.45, which

11



indicates inkbottle mesopores. ®*% Individual physisorption isotherms of each zeolite sample can

be found in supporting information Figure S1.
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Figure 3. N, adsorption-desorption isotherms of calcined ZSM-5 samples performed at 77 K. Solid

and empty symbols correspond to adsorption and desorption, respectively.

Table 1. Textural properties of ZSM-5 zeolites.

Sample name Sget (M?/g) Sext (M%/g)  Vimicro (cm?/g) Vit (cm*/g)
Conv-ZSM-5 373 115 0.11 0.21
Meso-ZSM-5 420 150 0.11 0.29
Shell-Meso-ZSM-5 420 155 0.12 0.33

BET surface area, micro and mesoporous volumes of the samples are presented in Table 1. As
expected, Meso-ZSM-5 has higher surface area as well as higher total pore volume in comparison
with conventional microporous zeolite (Conv-ZSM-5). In the Shell-Meso-ZSM-5, the surface area
does not change but the total pore volume increases slightly by 14%. With the obtained data, we

can speculate that the formation of the microporous shell and partial dissolution of poorly

12



crystalline and defects may conjointly cause the increase in the micropore volume and total pore

volume.
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Figure 4. SEM images of conventional ZSM-5 (a,b), mesoporous ZSM-5 (c,d) and mesoporous

ZSM-5 with silicalite-1 shell (e,f).

Figure 4 shows SEM images of the Conv-ZSM-5, Meso-ZSM-5 and Shell-Meso-ZSM-5 after
ion exchange and calcination. These representative images confirm that all three zeolite samples
are highly crystalline, which is in good agreement with the XRD results. Furthermore, sizes of
crystals are rather uniform for each sample. The average crystal size of conventional zeolite (Conv-
ZSM-5) with the typical shape of MFI-type crystals is determined from SEM images in Figure 4
to be about 200 nm. As it is observed in SEM (Figure 4) and TEM images (Figure 5), Meso-ZSM-

5 and Shell-Meso-ZSM-5 zeolites have an average particle size range between 1000-2000 nm. In

13



addition, the obvious difference between the surfaces of Meso-ZSM-5 and Shell-Meso-ZSM-5
crystals can be observed, which could be the result of the shell formation. TEM images
complement the same observation clearly. From TEM images in Figure 5, it is possible to see the
silicalite-1 shell grown around the mesoporous zeolite crystal, which has resulted in a more defined
shape and polished surface of Shell-Meso-ZSM-5 compared to the rough Meso-ZSM-5 sample.
The ultrathin layer of silicalite-1 is estimated from the TEM images to be approximately 15 nm
and it is formed around the entire surface of the mesoporous crystal (marked in Figure 5 d)).
Therefore, the acid sites are accessible through the inert layer around the zeolite crystal and surface

acid sites are passivated by this layer.

Tum > 100 nm

Figure 5. TEM images of mesoporous ZSM-5 (a,b) and mesoporous ZSM-5 with silicalite-1 shell

(c,d).

XPS confirms the coverage of surface acid sites with the silicalite-1. Figure 6 shows the XPS

analysis results for mesoporous ZSM-5 and mesoporous core ZSM-5 covered by silicalite-1 shell

14



in the Al 2p binding energy range. The XPS spectra of mesoporous ZSM-5 zeolite show one peak
at 76.67 eV, as expected, indicating the presence of Al. A weak peak, which is mostly noise rather
than a signal, also appears in the spectrum of core-shell zeolite covered by Al-free silicalite-1. It
is noteworthy that XPS is a surface sensitive analysis and the weaker intensity indicates that the
signals are collected from the elements that are situated in the inner layer of the zeolite. The
penetration depth of the analysis is in the range of the silicalite-1 thickness. Thus, the small

negligible Al signal for the Shell-Meso-ZSM-5 is likely to be collected from the inner layer.
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Figure 6. Al 2p scan for surface of mesoporous ZSM-5 and mesoporous ZSM-5 with shell

The chemical compositions of the zeolites are determined by ICP-OES, as presented in Table 2,
the ratio between silicon to aluminum (Si/Al) is 140, 150 and 163 for Conv-ZSM-5, Meso-ZSM-
5 and Shell-Meso-ZSM-5, respectively. Si/Al ratio for Shell-Meso-ZSM-5 increases compared to
Meso-ZSM-5 as the result of silicalite-1 formation around the ZSM-5 crystals. The shell thickness
calculation based on TEM observation and weight increase of the sample after shell growth, also
confirm a Si/Al ratio of 154-160 for Shell-Meso-ZSM-5, which is in acceptable agreement with

the ICP-OES result.
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The amount of acid sites and their nature (Brensted or Lewis type) are determined by pyridine
IR. The spectra of the activated zeolites in the hydroxyl group stretching region (3800-3400 cm™)
are shown in Figure 7. Bands at 3610 cm™ (ascribed to Bronsted sites) and at 3645 cm™ (attributed
to external silanol groups) are observed for all samples. The intensity of the band assigned to
external silanols is higher for the Meso-ZSM-5 and the Shell-Meso-ZSM-5 compared to the Conv-
ZSM-5, which is in agreement with the higher external surface area (including the mesopores
surface area) for the samples. The minor increase in the intensity of the external silanols for the
Shell-Meso-ZSM-5 compared to the Meso-ZSM-5 might be related to extra layer of silicalite-1 in
the sample. In addition, a very small band around 3728 cm™! is related to internal silanol groups®
and seems to be relatively more abundant in the Conv-ZSM-5 compared to the other samples.
Finally, the band at 3670 cm™!, which is typically assigned to hydroxyl groups attached to partially
extra-framework aluminum®! is also detected for all samples but slightly more pronounced in the

Meso-ZSM-5 and Shell-Meso-ZSM-5.

The spectra corresponding to the ring vibrational modes of the pyridine molecule is showed in
Figure 7 after pyridine chemisorption. Upon pyridine adsorption, the bands at the region 3700-
3550 cm™! are completely removed in all samples. However, the bands in 3780-3700 cm™! are still
present but have lower intensities (Figure 7). The observed reduction is due to acidic nature of
these hydroxyl groups, which interact with the pyridine. The two characteristic bands at the
frequencies of 1545 and 1450 cm™! are assigned to adsorbed pyridine molecules on Brensted (BA)
and Lewis (LA) acid sites, respectively®*®. The total amount of acid sites is calculated from the
spectra by integrating the area of these two bands (Table 2). Furthermore, the band at 1500 cm™ is
assigned to the combination of both Brensted and Lewis acid sites. It is clear that Conv-ZSM-5

has a higher density of Brensted acid sites compared to both the mesoporous samples, which is

16



consistent with the previous results done by Kustova et. al. using NH3-TPD for measuring the acid
sites. *? Nonetheless, there is a small decrease in the density of acid sites when the silicalite-1 shell
is incorporated, which is an indication of the presence of non-acidic material. The fact that the
decrease is small shows that the layer is indeed quite thin, which is consistent with the observed

thickness of 15 nm for the shell in TEM microscopy.

Table 2. Characterization results for ZSM-5 zeolites.

Sample name Si/A  Brenstedacid density " Lewis acid density® Bronsted/Lewis
P 1 (mmol/g) (mmol/g) acid density

Conv-ZSM-5 140  0.147 0.467 0.315

Meso-ZSM-5 150 0.119 0.528 0.207

Shell-Meso-

7SM-5 163 0.106 0.537 0.197

4ICP-OES. *Pyridine-IR
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Figure 7. (Left) FTIR spectra of ZSM-5 samples after pretreatment(full lines) and after pyridine
adsorption (dash line) in the OH stretching region (left) FTIR spectra of pyridine adsorbed on the

zeolites (right). (a) Conv-ZSM-5, (b) Meso-ZSM-5 and (c) Shell-Meso-ZSM-5.
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The measurements of acid site densities performed by temperature programmed desorption
(TPD) of ammonia confirm the same results obtained from pyridine IR for the strong acid site
distribution (Table 3). Conv-ZSM-5 and Meso-ZSM-5 have higher density of strong acid sites,
while the Shell-Meso-ZSM-5 zeolite has less Bronsted acid sites. This is predictable due to the
additional amount of silicalite-1 in the Shell-Meso-ZSM-5 sample that reduces the concentration
of strong acid sites per gram of the catalyst. The ammonia TPD profiles (Figure 8) show a slight
decrease in ammonia at high temperature above 300°C for Shell-Meso-ZSM-5 compared to Conv-
ZSM-5 and Meso-ZSM-5, as expected. For the Conv-ZSM-5 product, the ammonia desorption is
lower at temperatures below 300°C indicating a lower concentration of weak acid sites, which is
in good agreement with the measured Lewis acid sites from pyridine IR (Table 2). In addition, the
calculated Si/Al ratios from the ammonia uptake for Conv-ZSM-5 and Meso-ZSM-5 samples are
consistent with the results obtained from ICP-OES. The calculated Si/Al ratio from ammonia TPD
data and elemental analysis result of Shell-Meso-ZSM-5 sample are in reasonable agreement
considering the uncertainty of ammonia TPD analysis.

Table 3. Ammonia TPD results.

Sample name Ammonia uptake (mmol NH3/g)  Calculated Si/Al
Conv-ZSM-5 0.121 136
Meso-ZSM-5 0.119 139
Shell-Meso-ZSM-5  0.086 193
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Figure 8. Ammonia TPD profile of the catalysts.

Catalytic performance. The catalytic performance of the different ZSM-5 catalysts (Conv-
ZSM-5, Meso-ZSM-5 and Shell-Meso-ZSM-5) is presented in Figure 9 for conversion of methanol

to hydrocarbons as a function of time on stream (TOS) for two different space velocities.

All of the ZSM-5 catalysts show full conversion initially for the WHSV=4.7 gmeon gear! hl.
However, the lifetime and deactivation trend are substantially different among the samples as the
reaction proceeds. The lifetime of a ZSM-5 catalyst varies depending on certain sample
characteristics such as density of acid sites, crystal size and presence of defects among others.%
For the Conv-ZSM-5, the lifetime is nearly 7 hours until complete deactivation at the WHSV of
4.7 gmeon et h''. Moreover, the deactivation is rather fast and sudden compared to the other two
catalysts. The main reason for the deactivation is postulated to be the blockage of the pore openings
on the external surface and internal pore intersections. The Meso-ZSM-5 shows longer lifetime
and better stability with slow deactivation. After the initial full conversion of methanol, the catalyst
starts to deactivate with a less steep trend and slower than Conv-ZSM-5. This specific catalyst

remains active for 45 hours until it reaches 20 % activity and it retains at same conversion level
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for a few hours before the catalyst was quenched. Despite the larger particle size of Meso-ZSM-5
(2000nm) compared to Conv-ZSM-5 (200nm), the enhanced performance agrees with the
alleviation of the diffusion limitation due to presence of mesoporosity. Hence, catalysts prepared
by introducing mesoporosity (Meso-ZSM-5) show longer lifetime and perform better than

conventional ZSM-5 (Conv-ZSM-5) as they did in the previously reported studies.*32:6¢

Also, Shell-Meso-ZSM-5 exhibits a significant improvement in the lifetime as it deactivates
more slowly than Meso-ZSM-5. The full conversion lasts shorter as compared to Meso-ZSM-5,
and that can be caused by the lower concentration of Brensted acid sites, as measured by Pyridine
IR and NH3-TPD . The lifetime of the core-shell zeolite seems to be more than 70 hours and it
remained at 40 % conversion longer than shown in Figure 9, at which point the sample was
quenched. The deactivation is delayed, presumably due to passivation of the acid sites on the
external surface of mesoporous zeolite. In this case, then, the main reason for deactivation of this
catalyst is speculated to be the blockage of internal pores and not the carbon deposition in the
opening mouth of the pores on the external surface, what gives rise, as shown in Figure 9 to the

described different deactivation profile.
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Figure 9. Conversion of methanol as a function of time on stream over different zeolite catalysts

at 5 barg and 450 °C reaction condition for WHSVs of 4.7 gmeon geat’ h7.

In this process, coke can be originated from either the reactants, products or a combination of
both. This leads to three different deactivation trends depending on the origin of the coke.®® The
deactivation curve for Conv-ZSM-5 zeolite has the typical inverse S shape with sudden
deactivation and methanol break-through®’ indicating that the deactivation species are originated
mainly from the methanol. Shell-Meso-ZSM-5 catalyst shows a deactivation curve with a
gradually decreasing slope over time while the product concentration decreases. Therefore, it is
likely that mainly the product is contributing to coke formation. However, deactivation trend for
Meso-ZSM-5, which shows intermediate behavior, may imply that coke deposition is caused by
both methanol and product. It is speculated that the microporous shell of silicalite-1 around the
mesoporous ZSM-5 makes the diffusion of products out of zeolite crystal more difficult and the
products retain longer in the zeolite. Thus, it is likely that the deactivation would occur by the
products in the Shell-Meso-ZSM-5.

Cumulative conversion capacities for all catalysts are calculated based on conversion of

methanol until 50 % deactivation of catalysts. Moreover, the amount of Brensted acid sites
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obtained from pyridine IR has been taken into consideration, to quantify how is the conversion per
acid site and the resistance of the zeolites to deactivation). In this sense, the conversion capacity
is defined as mol of methanol converted per mmol of Brensted acid sites. The obtained total
amount of converted methanol is in good agreement with our observation of lifetime for the
corresponding catalysts in this work. The Shell-Meso-ZSM-5 has conversion capacity three times
higher the Meso-ZSM-5. On the other hand, the conversion capacity of the conventional ZSM-5
sample (Conv-ZSM-5) is significantly smaller than the other two catalysts, which highlights the
positive outcome of the implementation of both the discussed synthesis strategies in order to obtain

materials more resistant to deactivation.
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Figure 10. Cumulative conversion capacity calculated from 100% to 50% Conversion using

Brensted acid sites concentration obtained from pyridine IR.

Retained coke. Aiming to study the organic material retained within the pores after certain time
on stream, all catalysts are quenched and then studied by different means.
Figure 11 shows mass loss versus temperature for the deactivated Conv-ZSM-5, Meso-ZSM-5

and Shell-Meso-ZSM-5 after 16, 45 and 70 hours on stream, respectively. TGA shows that the
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carbon content of Meso-ZSM-5 (~ 8.2 wt%) is higher than Shell-Meso-ZSM-5 (~ 7 wt%) even
though the Shell-Meso-ZSM-5 catalyst has been on the stream for a longer time (70 hours). The
conv-ZSM-5 with the highest Bronsted acid site density and the shortest lifetime among these three
catalysts has the least coke content around 5 wt%. The Conv-ZSM-5 catalyst deactivates fast and
TGA results show a small weight loss. Based on previous study, it is speculated that aromatic
products can deposit on the external surface, while diffusing out of micropores, to form external
coke. This external coke continues to grow without spatial restriction at high thermal condition
and form graphite-like compounds to eventually block the pore openings on the surface.’%"
Furthermore, the different colors of the deactivated catalysts would suggest that there are different
coke species deposited in different locations of crystals (supporting information Figure S2). Also,
textural properties of the used catalysts obtained from N> physisorption show that total pore
volume has decreased in all three catalysts because of the occupation of the pores by the coke
species. Fresh Meso-ZSM-5 and Shell-Meso-ZSM-5 catalysts had the same BET surface area but
it has reduced more in the Meso-ZSM-5 (supporting information Table S1). It is worth pointing

out that the difference in the coke retention capacity between Meso-ZSM-5 and Shell-Meso-ZSM-

5 should not be attributed to the addition of the catalytically inert silicalite-1 phase.
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Figure 11. TGA profiles of deactivated catalysts (the heating rate was 5 °C min™!)

The chromatograms of the detected soluble species are shown in Figure 12 Polymethylated
benzene (1-6 methyl groups) species are the main compounds retained in all zeolite samples as
reported in previous studies as well.”'"3As it can be seen, larger amounts of heavier compounds
such as poly-methyl-benzenes, naphthalene and anthracene derivatives, that are identified in the
Conv-ZSM-5. In addition, small hydrocarbon compounds such as toluene and xylenes are found
in Conv-ZSM-5 while there is a small amount of xylene detected in the mesoporous and
mesoporous with silicalite-1 shell sample. Moreover, both Meso-ZSM-5 and Shell-Meso-ZSM-5
show similar chromatograms with similar total areas. However, different weight losses obtained
from TGA implies that Meso-ZSM-5 with more weight loss contained more non-soluble coke
species than Shell-Meso-ZSM-5 catalyst. This suggests that lower conversion capacity of Meso-

ZSM-5 can be a result of a higher degree of deactivation by non-soluble coke.
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Figure 12. Chromatograms obtained from the dissolution and extraction of three deactivated

zeolites. Results are normalized with respect to the internal standard.

Spent catalysts were further analyzed by X-ray diffraction (Figure 13). The XRD reveals small
but clear differences regarding the structural changes induced in the frameworks during the MTH
reaction. Table 4 shows the unit cell dimensions, cell volume and crystal size of the samples before
and after the catalytic testing extracted from the Rietveld refinements. The a- minus b-parameter
is a straightforward descriptor that carries the essential information regarding the degree of

deactivation of a ZSM-5 catalyst.”>"
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Figure 13. XRD patterns with Rietveld refinements of the three used ZSM-5 zeolites.

The closer to zero the a-b is the more deactivated the catalyst is. It is interesting to note that
among the studied three systems, it is only the conventional ZSM-5 that shows a shift in the peak
position after deactivation, which confirms the observed enhanced degree of deactivation in the
catalytic testing (Figure S3).

In the beginning the fresh catalysts have almost identical a- and b- axes lengths, despite the
insertion of mesopores and the coating with silicalite-1 (Table 4). On the other hand, a closer look
at the a-b value of the spent catalysts shows a decrease that follows the trend seen in the lifetime

during catalytic testing. The longer the lifetime of the catalyst, the smaller the decrease in a-b value
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is. The effect is particularly evident in the case of Shell-Meso-ZSM-5 where despite the longer
exposure to catalytic testing conditions, the coke has induced the least structural changes in the
internal framework of the material. The combined insertion of mesopores and coating with a
silicalite-1 shell seems to enhance the diffusivity of the reactants inside the framework and to
minimize the pore blockage.

Finally, it is worth noting that Meso-ZSM-5 and Shell-Meso-ZSM-5 are derived by the same
parent sample and consecutively share the same internal network. As a result, coke diffuses and
deposits on the internal pore walls in a similar way for both samples. The XRD is a bulk technique,
thus the observed changes have to do with the sample as a whole and not to be limited with its
surface. The combination of the results obtained by the TGA (Figure 11) with the refined values
from the refinement (Table 4) indicate the synergetic positive effect that each modification induced
in the catalyst lifetime. The mesopores allowed the catalyst to have longer lifetime at WHSV =4.7
gmeon Zeat | h! and to retain more coke. Furthermore, the introduction of the silicalite-1 coating
further enhanced the catalyst lifetime while withholding less amount of coke.

Table 4. Lattice parameters calculated for fresh and spent catalyst. The Estimated Standard

Deviations (ESDs) on the length of the cell parameters are less than 0.0015A.
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Cell parameters

Fresh catalysts a-axis (A) b-axis (A) a-b (A) Cell Volume (A®) Crystal Size (nm)
Conv-ZSM-5 20.1077 19.8813  0.2264 5350.86 154
Meso-ZSM-5 20.1141 19.8750  0.2391 5351.59 120
Shell-Meso-ZSM-5  20.1128 19.8852  0.2274  5353.77 154

Used catalysts

Conv-ZSM-5 20.0792 19.9210  0.1581 5355.86 146
Meso-ZSM-5 20.0780 19.9090  0.1690  5352.07 137
Shell-Meso-ZSM-5  20.0890 19.8976  0.1937  5350.65 174

In brief, it is clear from the XRD that samples are highly crystalline and no other phases other than
MFT are formed (Figure 2). The decrease in the aluminum content evidences the presence of a
silica phase in the sample Shell-Meso-ZSM-5 (Table 2). Moreover, TEM pictures reveal the
formation on thin layer. On the other hand, comparing N> physisorption isotherms of Meso-ZSM-
5 and Shell-Meso-ZSM-5, it is possible to hypothesize that the cylindrical pores formed in the
mesoporous sample are accessible through the microporous shell in the Shell-Meso-ZMS-5
sample. These observations are also supported by the disappearance of the band corresponding to
aluminum in the XPS analysis. The fact that there is almost no aluminum indicates that the
silicalite-1 shell has been formed around the crystals. Finally, the small signal visible suggests that
the shell is indeed rather thin, which is also supported by the small decrease in the density of
Brensted acid sites registered by pyridine FTIR. Rietveld refinements on long exposure XRD
patterns demonstrated that the core shell modification substantially improved the catalyst lifetime
while decreasing the coke deposition on the internal pore walls. In summary, combining all these
techniques we were able to prove the presence of a thin layer of silicalite-1 around the mesoporous

ZSM-5 crystals and significantly improve the catalytic properties of the mesoporous ZSM-5
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catalyst with silicalite-1 layer modification. As it was reported by Li. et al. coating mesoporous
ZSM-5 with thin layer of silicalit-1 enhances the catalytic performance of catalyst for MTH
conversion at atmospheric pressure and 370 °C.** The synthesis approach we proposed here is free
of individual nucleation of silicalite-1 crystals while achieving an ultrathin layer. Furthermore, the
catalyst was tested in much more harsh condition at 5 barg and 450 °C and showed outstanding
performance.
CONCLUSION

We have shown an efficient and simple approach to grow a non-acidic shell around acidic
mesoporous ZSM-5 zeolite. In the developed material, the exterior surface of each ZSM-5 crystal
is covered with a nano-metric thin layer of silicalite-1, without the presence of individual silicalite-
1 crystals. Catalytic results of methanol conversion indicate that the lifetime of the mesoporous
ZSM-5 with silicalite-1 layer is significantly improved in comparison to the unmodified ZSM-5
zeolite. Thus, the developed synthesis approach of ultrathin shell for surface passivation of acidic
zeolites can be viewed as a general method to design novel surface-modified materials.
Importantly, the studied modification opens opportunities for utilization of full conversion
capacity in zeolite crystal and prolong their catalytic lifetime, which is greatly needed in various
industries.
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