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Abstract

Hierarchical ZSM-5 zeolites were synthesized by alkaline desilication and a surfactant
induced re-assembly. Contrary to the purely alkaline desilicated zeolites a strong increase in
external surface area, a narrow pore size distribution of 3-10 nm and a decreased Bronsted
acidity could be achieved when using CTAB as a surfactant throughout the alkaline treatment.
The hierarchical pore system and the decreased acidity lead to an improved catalyst lifetime
in the methanol to hydrocarbon conversion. A further improvement could be accomplished by
increasing the surfactant concentration during the desilication re-assembly preparation.
Tailoring of mesopore size and specific surface area was achieved using surfactants with

different chain lengths.



1. Introduction

Zeolites are crystalline aluminosilicate materials with a well defined microporous structure
and tunable intrinsic properties. These characteristic properties are very attractive for
industrial processes, especially catalysis, separation and ion-exchange steps. In catalytic
applications acidity and well defined pore sizes are deceisive, leading to a high selectivity in
industrial processes. The ZSM-5 is an often used and well established industrial zeolite for
catalytic processes such as the alkylation of benzene, the isomerization of m-xylene or the
conversion of methanol to hydrocarbons [1-2]. Especially the MTH (methanol-to-
hydrocarbon)-process recently gained a lot of attention due to the declining crude oil
resources. However, the beneficial properties of the small definite pore openings cause
diffusion limitations of larger reacting molecules, leading to restrictions in the catalyst activity
and lifetime. To overcome this problem a lot of research has been done in the last years to
shorten the diffusion length in zeolites, either by reducing the particle size [3-4] or by
introducing an additional mesoporous transport network [5-8]. The introduction of such a
network can be achieved by hard-templating [5, 9-10] or soft-templating [11-13] techniques.
Another possibility is the desilication of high silica zeolites (especially ZSM-5) with alkaline
solutions, established by Groen et al. [14-17]. This method is cost efficient and facile. The
drawback of the desilication is the loss of zeolite material due to the leaching process and the
relatively unselective mesopore formation. Furthermore the zeolite composition dictates the
degree of desilication and therefore this technique is limited to chemical composition of
Si/Al = 25-50. Recent process optimization expanded the range of effective mesopore
formation to a Si/Al ratio of 12 — 200 [18-20]. These Si/Al desilication ranges are typical for
ZSM-5 zeolites, but are not generally applicable to other zeolite topologies.

Another approach generating mesoporosity by dissolution involves the simultaneous re-
assembly of amorphous silica directed by surfactant molecules. The literature describes

several methods to transform silica spheres pseudmorphic to mesoporous M41S-type



materials [21-22]. The re-assembly of completely dissolved zeolitic structures around
surfactant molecules was also reported [23-27]. In 2004 Ying et al. adapted the concept of
pseudomorphic transformation for zeolitic systems [28]. Slightly alkaline and hydrothermal
reaction conditions enabled the introduction of mesoporosity in zeolite FAU, MOR and MFI.
Ying and Garcia-Martinez proposed a surfactant-assisted crystal rearrangement mechanism
[29, 30]. In 2012 Yoo et al. published a dissolution re-assembly process under different
synthesis conditions [31] being close to the conditions described for pure desilication
procedures. Dissolved fragments of ZSM-5 were reassembled around CTAB molecules and
re-deposited on the zeolite surface. In parallel we developed a similar synthesis route, but
without a hydrothermal treatment.

In the following we described the applicability of such a hierarchical material in the methanol
to hydrocarbon catalysis. The effects of the surfactant concentration on the catalytic
performance will be reported. Finally, tailoring the size of the introduced mesopores by

changing the applied surfactant micelle molecules was successful.



2. Experimental

2.1. Catalyst preparation

2.1.1 Conventional ZSM-5

The synthesized ZSM-5 (Z50, Z100 and Z300) were prepared by a modified synthesis of
Jacobs et al. [32]. A mixture containing 3.7 g SiO, (Aerosil 200), 0.839 g TPABr, 0.487 g
NaOH and 33.6 g H,O was prepared and stirred for 24 h. Later on a solution consisting of
0.101 g (in case of Z100: 0,051 g and Z300: 0.017 g) of NaAlO; and 6.4 g H,O was added
slowly to the silica containing mixture. For the 2Z50 a molar ratio of
100 SiO, : 2 Al : 5.1 TPABr : 3600 H,O was obtained. The preparation of the Z300 material
resulted in a molar ratio of: 100 SiO, : 0.34 Al : 5.1 TPABr : 3600 H,O. The pH-value was
adjusted to 11 with concentrated sulphuric acid. The mixture was placed in a teflon-lined
stainless steel autoclave and treated hydrothermally at 423 K for 72 h. The obtained powder
was washed several times with distilled water, dried for 5 h at 373 K and afterwards calcined
in air for 5 h at 823 K. To obtain the H-form of the zeolite, the powder was treated three times

with 20 ml/gzeoiite 0F @ 0.5 M NH4NO3 solution.

2.1.2 Alkaline treated ZSM-5

The alkaline treated ZSM-5 samples were denoted as —at (e.g. Z50-at). The desilication
procedure was performed by treating the starting material (Na-ZSM-5) with 20 ml/g,eoiite OF @
0.5 M NaOH-solution. The mixture was stirred for 24 h at 353 K and afterwards cooled in an
ice bath to stop the desilication. The obtained powder was washed three times and dried over

night at 353 K. The acidic form was obtained as described above.

2.1.3 Alkaline reassembled ZSM-5
Recently Yoo at al. published a synthesis route which combines desilication and re-assembly

of zeolites using N,N,N-Trimethylhexadecylammoniumbromid (CTAB) as a micelle forming



molecule [31]. The synthesis used in this work is slightly different. Basically the synthesis
conditions are identical to those of the alkaline treated ZSM-5, despite that the sodium
hydroxide solutions contains a certain amount of the surfactant. In the standard procedure the
concentration of CTAB was 0.05 M. In further experiments the amount and the chain length
of the surfactant was varied.

For clarification the catalyst preparation is summarized in Table 1.

Table 1: Summary of the desilication treatments applied; 250, Z300, Z140 stands for a ZSM-5 with a
theoretical Si/Al ratio of 50; 300 and 140 respectively; -at corresponds to ‘alkaline treated’; -com is

the abbreviation for commercial

sample code desilication treatment
c(NaOH) c(CTAB)
[mol '] [moll]

Z50 = =
Z50-at 0.5 -
Z50-at_0.05CTAB 0.5 0.05
Z50-at_0.1CTAB 0.5 0.1
Z50-at_0.2CTAB 0.5 0.2
Z300 - -
Z300-at 0.5 -
Z300-at_0.05CTAB 0.5 0.05
Z140-com - -
Z140-com-at 0.05CTAB 0.5 0.05

2.2. Characterization of the ZSM-5 zeolites

X-ray powder diffraction patterns were obtained with a Panalytical XPert Pro diffractometer
in reflection mode using a Ge-monochromated Cu Ko, radiation.

Nitrogen physisorption isotherms were conducted using a Quantachrome Autosorb 1C
apparatus at 77 K. Prior to all measurements the samples were degassed under vacuum and
423 K for at least 24 h. The surface area was determined by applying the BET equation in the

linear range (p/po = 0.01 — 0.15). The t-plot was used to evaluate the external surface area and



the micropore volume. The mesoporous volume was derived by subtracting the micropore
volume from the overall pore volume (p/po = 0.98).

SEM (Scanning Electron Microscope) was used to determine the size and the morphology of
the zeolite particles. The measurements were performed with a DSM-982 Gemini (Zeiss)
operating at 10 kV. Prior to the measurement the samples were prepared on a carbon pad and
sputtered with gold to obtain the necessary conductivity. SEM photographs with a high
magnification were used to visualize the formed mesopores.

For TEM investigation the samples were all prepared by ultrasonically assisted suspending in
ethanol or isopropanol. The resulting suspension was dropped onto a copper grid coated with
holey carbon and dried using an infrared lamp. The TEM investigations were carried out on a
Cs-corrected JEOL JEM-2010F at an acceleration voltage of 80 kV.

Temperature programmed desorption of ammonia was performed with a BELCAT B (BEL
Japan, Inc.). Approximately 80 mg catalyst was activated for one hour at 773 K heating with a
ramp of 3 K/min. After cooling to 473 K pure ammonia (99.98 %) was passed over the
sample. To remove the physisorbed ammonia the sample was purged with helium (99.999 %)
with a flow of 20 mL/min for 5 h. Desorption of the chemisorbed ammonia was accomplished
by heating until a temperature of 973 K.

The temperature-programmed decomposition (DTA/TG) of the surfactant molecule was
carried out using a Netzsch STA 409 instrument. 20 mg of each sample were heated in a
100 ml/min air-stream at a rate of 5 K/min until 1270 K, while the mass change due to
template decomposing was recorded.

FTIR measurements to characterize the hydroxy groups in zeolite materials were performed
on a Nicolet 6700 FTIR spectrometer, operating in transmission mode at 2 cm™ resolution on
self-supported pellets. The samples were pretreated at 773 K at p << 1 x 10™ mbar for 2 h,
heating them from room temperature to 773 K with 3 K/min. On the treated samples the OH

groups were further characterized with CO probe molecule at low temperature (T =77 K).



The differences in acid strength and distribution of the different OH groups were derived from
the changes in IR absorption of CO probe molecules adsorbed at 77 K and a partial pressure

of 70 mbar.

2.4. Catalytic tests

All catalytic tests were performed in a quartz glass fixed bed reactor (i.d. 11 mm). 1 g of
crushed and sieved (125 um — 315 pum) zeolitic catalyst was mixed (to avoid inhomogeneous
flow) with 4 g of inert porous silica gel (d =60-200 pum), resulting in a dumping height of
8 cm. The catalyst bed was activated in a pure helium flow (26 L/h) at 773 K for 90 min prior
each run. Then the temperature was set to 673 K and the helium flow was mixed via a CEM
(controlled evaporator mixer) with 4 g/h methanol, resulting in a weight hourly space velocity
(WHSV) of 4 gram methanol per gram catalyst per hour (g g h™). All experiments were
carried out under atmospheric pressure and a methanol partial pressure of pmeon = 0.1 bar.
Product analysis was performed using gas chromatography. The effluent composition was
determined with an on-line Perkin Elmer Clarus 500 FID equipped with an Elite SB5 column
(60 m x 0.32 mm x 1 um). For the selectivity analysis (after 20 min), the gas chromatograph
was programmed with the following temperature program: 223 K for 6 min and heating with
10 K/min to 483 K. Helium was used as a carrier gas and after 5 min the column pressure was
increased from 100 kPa to 200 kPa with 100 kPa/min. For the determination of the methanol

conversion the same temperature program, just starting at 308 K, was used.



3. Results

3.1. Comparison of alkaline and alkaline surfactant treated zeolite

The desilication re-assembly and the classical desilication technique were compared with
regard to their physiochemical and catalytic properties. Several zeolites with different
composition and morphology were chosen to demonstrate that the concept of desilication and
re-assembly is not limited by these parameters. A detailed characterization was performed
with the synthesized ZSM-5 (Si/Al = 50). Fig. 1 shows the nitrogen physisorption isotherms
and the derived pore size distributions of the parent (Z50), the alkaline treated (Z50-at) and
the CTAB alkaline treated zeolite (Z50-at_0.05CTAB). The Z50 material has a typical type |
isotherm, with a high nitrogen uptake at relatively low pressures. The isotherm is
characteristic for purely microporous materials. The alkaline treated material (Z50-at) shows a
strong increase in nitrogen adsorption at pressures higher than p/po=0.4. The pore size
calculated with the BJH-equation from the desorption branch shows a broad size distribution
ranging from 10— 100 nm. The isotherm of the alkaline surfactant treated ZSM-5 (Z50-
at_ 0.05CTAB) is a combination of a type | and type IV isotherm typical for hierarchical
materials. The uptake of nitrogen could be increased significantly in the low pressure region
as well as at pressures above p/po= 0.4. In contrast to the purely alkaline treated material, the
surfactant assisted templating results in a material, with very narrow mesopore size

distribution ranging from 3 — 10 nm.
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Figure 1: Nitrogen physisorption isotherms for the untreated zeolite (Z50), the desilicated zeolite
(Z50-at) and the desilicated reassembled zeolite (Z50-at_0.05CTAB). The inset displays the BJH pore

size distribution derived from the desorption branch.

The adsorption data are summarized in Table 2. The alkaline re-assembly technique was
applied for different ZSM-5 systems as well. The Z300 sample is a ZSM-5 with a theoretical
Si/Al ratio of 300. Furthermore a commercial zeolite with a composition of Si/Al = 140 was
investigated. The total BET surface areas increased about 250 m?/g for all three samples after
treating the starting material with sodium hydroxide and CTAB. The high BET surface area is
ascribed to an increased mesoporous surface area, whereas the microporous amount
decreases. Mesopore surface areas up to 536 m%/g could be generated using this method. The
obtained isotherms have almost an identical shape (supplementary information Fig. S1),
indicating that the generated mesoporosity is independent from the zeolitic framework
composition and morphology. The alkaline treatment has also a considerable impact on the

pore volume. The total pore volume was calculated from the adsorbed amount of nitrogen at



p/po = 0.98. As reported in the literature the desilication with sodium hydroxide leads to a
significant increase in total pore volume and to a decrease in microporevolume [19].
However, this effect is more pronounced for zeolites with a chemical composition of
Si/Al = 25-50. The classic desilication technique is not suitable for ZSM-5 zeolites with high
silicon to aluminum ratios [14]. Using CTAB as a surfactant during the alkaline treatment the
same results could be obtained independently from the framework composition.

With regard to the chemical composition it is obvious that due to almost selective silicon
extraction the alkaline treated zeolites have a decreased Si/Al ratio. However, the silicon
extraction is reduced when using CTAB additionally. A reason for this reduction is
presumably the CTAB induced re-assembly of the dissolved silicon rich zeolite fragments
around the remaining zeolite particle. The observations are in good agreement with the
reduced desilication loss when using additional surfactants.

The combination of an increased mesopore surface area and a decreased desilication loss
subsequently leads to a higher desilication efficiency. The desilication efficiency has been
introduced by Verboekend et al. [33] to quantify the degree of dissolution with the introduced
mesoporosity. Where the purely alkaline treated zeolites showed desilication efficiencies of
2 m?g™ per percent zeolite loss or worse, the zeolites with the additional use of CTAB had

efficiencies of around 7 - 8 m*g™.

Table 2: Textural characteristics of parent and hierarchical ZSM-5 materials



SgeT Vbore SYAIY  Yield® Desilication

total®  Speso”  t0tal®  Viigro efficiency

M g'] [ g [em’g"] [em’g"] [molmol'] [%]  [m’g']%™
Z50 417 55 0.237 0.152 51 - -
Z50-at 455 229 0.693 0.095 14 21 2.2
Z50-at_0.05CTAB 626 439 0.687 0.079 25 50 7.6
Z300 393 81 0.211 0.119 289 - -
Z300-at 385 105 0.311 0.108 14 20 0.3
Z300-at_0.05CTAB 0663 520 0.700 0.062 119 37 7.0
Z140-com 379 99 0.210 0.108 142 - -
Z140-com-at 0.05CTAB 645 536 0.785 0.048 63 42 7.5

% Sger Was calculated by applying the multi-point BET equation in the linear range.

® Seso and Vmiero Were calculated by applying the t-plot-method.

“ Vpore Was calculated from the adsorption branch at (p/po = 0.98).

¢ The elemental composition was determined by ICP-OES.

®The desilication yield was determined by weight measurement of the treated samples after

calcination.

Fig. 2 shows the X-ray diffraction pattern of a zeolite treated with sodium hydroxide and
additional CTAB in comparison to the parent material. The crystallinity is well preserved for
both alkaline treated samples, even though the (101) peak of the alkaline treated zeolite is
slightly reduced. No reflections were observed in the low angle 20-region, indicating that the

obtained mesopores for both alkaline treated samples are not ordered.
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Figure 2: XRD pattern of the untreated (Z50), the desilicated (Z50-at) and the desilicated reassembled

(Z50-at_0.05CTAB) samples.

SEM pictures (Fig. 3) of the ZSM-5 zeolites, exemplarily for the Z50 samples, revealed that
the typical ZSM-5 morphology is maintained throughout the alkaline treatment. The surface
of the parent ZSM-5 zeolite is already quite rough, which is typical for high aluminum
contents (Fig. 3a,b). The surface nature of the sodium hydroxide treated crystals is somehow
ruggedly and shows voids (Fig. 3c,d). This surface abrasiveness corresponds to the results
obtained from the nitrogen physisorption measurements, revealing pore sizes of 10 - 100 nm
were observed. When CTAB is used throughout the desilication the surface is more
smoothened, although the characteristic surface properties of the parent ZSM-5 disappeared
(Fig. 3e,f). The morphology of the other zeolite samples with higher Si/Al ratio is preserved
as well (supplementary information Fig. S2).

TEM images of the desilicated reassembled zeolite (Z50-at_0.05CTAB) revealed the presence
of the mesopores (Fig. 3g) and also indicated that there is no ordering of these pores. Fig 3h
clearly shows the micropores of the ZSM-5 at the surface of the ZSM-5 particle. It is also
visible that the pores (straight channels in [010]) are not oriented in one direction, which is an
indication, that zeolitic parts have been reassembled on the surface of the remaining zeolite

particle.



Figure 3: SEM images of a) and b) parent ZSM-5 (Z50); c) and d) desilicated ZSM-5 (Z50-at); €) and
f) desilicated reassembled ZSM-5 (Z50-at_0.05CTAB). TEM images g) and h) of the desilicated re-

assembled ZSM-5 (zZ59-at_0.05CTAB).

FTIR measurements with pulsed CO adsorption were performed to compare the acidic
properties of the samples (Fig. 4). The spectra in the left column show the hydroxyl group
range (3800 —3000 cm™) while those ones in the right column report the CO-vibrational
modes (2250 — 2060 cm™) range. The bold black curves show background spectra (i.e.
outgassed sample), the bold grey curves refer to highest CO coverage, while the slim gray
curves report intermediate adsorption steps. In order to allow band intensity comparison
within the full set of spectra, a normalization to the overtone modes in the 1750-2100 cm™

region has been performed.



The existence of different types of acid sites for the untreated zeolite is revealed. At low CO
coverage, the first band developing is from Bronsted acid sites at 3614 cm™ which is shifted
to 3278 cm™ indicating that the Bronsted acid sites are the most acidic sites in the zeolite.
Upon increasing the CO pressure, the band a 3734 cm™ shifts to 3651 cm™. This change is
assigned to CO interacting with the silanols. The CO stretching region shows that at very low
coverage, a band located at 2173 cm™ is observed, corresponding to CO interacting with
Bronsted sites. At a higher coverage, an asymmetric band centered at 2156 cm™ is observed,
which is assigned to CO interacting with the silanols. The sharp band at 2137 cm™ refers to a
liquid-like phase condensed into the pores of the zeolite.

Z50 and Z50-at have a comparable Bronsted acidity although slightly reduced in the case of
Z50-at sample. An increase of the silanol stretching mode at 3750 cm™ for the alkaline treated
sample is in well accordance to the increased external surface area of this material. On the
other hand the CTAB alkaline treated sample showed only a small signal at 3617 cm™ and a
reduced signal in the CO region indicating a low Bronsted acidity. The amount of isolated
silanols is strongly increased in comparison to the other two samples. Additionally, the CTAB
alkaline treated sample shows clearly Bronsted species linked to partially extraframework Al
(band at 3672 cm™) and obviously perturbed upon CO adsorption and a small amount of
Lewis acidity (small contribution at 2230 cm™ in the CO region). However, the literature
reports a diminished extinction coefficient for Lewis acid sites, which makes them hard to
compare with the Bronsted acid sites [34].

The acid site density was determined by ammonia desorption measurements (supplementary
information Fig. S3; Tab. S1). The desorption peak around 500 — 800 K was deconvoluted
into two peaks, one centered around 700 K and one around 600 K. For evaluation of the acid
site density only the 700 K peaks were compared, since it is reported that these sites are active
in the MTH catalysis [35]. The desorption profiles for both desilicated samples show a

distinctive shoulder at 550 — 650 K, indicating the presence of different acid sites (most likely



Lewis acid sites). Aluminate species remaining in the zeolite after the desilication are
responsible for this shoulder in the TPAD profile. The surfactant treated material shows a
distinctive reduction in strong acid sites, which is in agreement with the reduction of Bronsted

acid sites observed in the CO-FTIR measurements.
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Figure 4: FTIR spectra of parent (Z50), the desilicated (Z50-at) and the desilicated reassembled (Z50-
at_0.05CTAB) material before and after pulsed CO adsorption. Shown are the OH vibrational modes

(left) and the CO vibrational modes (right).

Fig. 5 displays the catalytic lifetime of the parent and the different alkaline treated samples
(250 charge). All three zeolites show a complete conversion of methanol and dimethylether
for at least 20 h. After this time the conversion of the untreated zeolite (Z50) decreases. After

40 h time on stream the hydrocarbon yield drops below 50 % of conversion. The alkaline



treated zeolites has a longer catalyst lifetime with a decrease of hydrocarbon yield after 55 h.
However, the deactivation rate of the alkaline surfactant treated zeolite is clearly slower than
that of the purely alkaline treated one. The 50 % conversion mark of the alkaline surfactant
treated sample is reached after about 90 h time on stream. To distinguish between the effect of
acidity and mesoporosity on the catalytic performance, the lifetime of the Z100 catalyst is
shown as well (dashed line). This catalyst is comparable with the alkaline surfactant treated
zeolite referring to acidity and crystal size (supplementary data Tab. S1) but differs in terms
of additional porosity (supplementary data Fig. S4). The Z100 zeolite shows a better catalytic
performance than the Z50 zeolite, which is ascribed to the reduced acid site density. However,
the positive effect of additional porosity becomes visible, when comparing the Z100 zeolite

with the alkaline surfactant treated zeolite (Z50-at_0.05CTAB).
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Figure 5: Catalytic lifetime in the conversion of methanol of the parent (Z50), the desilicated (Z50-at)
and the desilicated reassembled (Z50-at_0.05MCTAB) material. The dashed line (Z100) corresponds
to a purely microporous zeolite with comparable acidic properties as the desilicated reassembled

zeolite

Fig. 6 shows the product distribution of the three catalysts. It is obvious that the desilication
has a crucial impact on the different hydrocarbon fractions. The C3 (predominantly propene)
selectivity is approximately 27 % and the highest for the Z50 zeolite (Fig. 6a). Whereas the

pure alkaline treated zeolite (Fig. 6b) shows the lowest selectivity for C3 molecules (around



20 %). For all three catalysts it is clearly visible that shortly before the deactiviation the
amount of C3 molecules strongly increases. The highest amount of C¢" hydrocarbons (around
two thirds are aromatic molecules) is observed for the alkaline treated zeolite. The amount of
Cs" molecules decreases for all three catalysts with time on stream. An explanation for these
results could be the restricted molecular diffusion upon increasing coke deposition [36]. The
amount of C4 alkanes (C4) correlates in some way with the C¢* hydrocarbons since alkanes

and hydrocarbons entail each other via hydride shift reactions.
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Figure 6: The product distribution vs time on stream in the MTH reaction of a) the parent (Z50), b) the

desilicated (Z50-at) and c) the desilicated reassembled (Z50-at_0.05CTAB) material.



3.2. Variation of the surfactant concentration

Since the use of the co-additive CTAB leads to an improved performance in the conversion of
methanol, the concentration of this surfactant was varied during the desilication procedure.
The concentration of CTAB was increased to 0.1 M and 0.2 M (denoted as _0.1CTAB and
_0.2CTAB respectively). The intent of this experiment was to enhance the external surface
area and pore volume even further. If the external surface area increases, it is likely that the
catalytic lifetime of the material increases as well [37]. All materials showed a well preserved
MFI phase crystallinity, but no peaks in the small angle range were observed, indicating that
no ordered mesoporous phase was obtained. The nitrogen physisorption isotherms of the
desilicated reassembled materials are shown in Fig. 7a. The shapes of the isotherms are
similar, although the materials treated with higher CTAB concentrations have an increased
meso-/macropore volume (Tab. 3). The chemical composition of the resulting product is not

affected by varying the surfactant concentration.
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Figure 7: a) Nitrogen physisorption isotherms (offset: Z50-at 0.ICTAB = 150 cm®g; Z50-
at_0.2CTAB = 300 cm®/g) of desilicated reassembled samples using different concentrations of
CTAB. b) Thermogravimetric data of the samples using different surfactant concentrations during

combustion in air.



Table 3: Textural characteristics of parent and hierarchical ZSM-5 materials synthesized using

different concentration of CTAB.

Sget Veore SPAIY  Yield® Desilication

total®  Speso”  total®  Viiero " efficiency

[’ g™l [m’g™] [em’g™] [em’g?] [molmor®]  [%]  [mPg']%™
Z50 417 55 0.237 0.152 51 - -
Z50-at 455 229 0.693 0.095 14 21 2.2
Z50-at 0.05MCTAB 626 439 0.687 0.095 25 50 7.6
Z50-at 0.1MCTAB 578 357 0.734 0.093 26 59 7.2
Z50-at 0.2MCTAB 635 436 0.794 0.084 24 50 7.6

% Sger Was calculated by applying the multi-point BET equation in the linear range.

® S meso and Vimiero Was calculated by applying the t-plot-method.

“ Vpore Was calculated from the adsorption branch at (p/p, = 0.98).

¢ The elemental composition was calculated by ICP-OES.

® The desilication yield was calculated by weight measurement of the treated samples after

calcinations.

Fig. 7b shows the thermogravimetric data of the CTAB templated samples heated in air. A
clear trend is observable, that with an increased amount of CTAB during the desilication,
more CTAB is incorporated in the hierarchical material. The thermogravimetric data is in
accordance with the total pore volume derived from the nitrogen physisorption data. All three
samples show a two step mass loss, one at 420 — 590 K and one at 600 - 800 K. The literature
describes this by a stepwise degradation of the CTAB template.

The obtained materials were catalytically tested. Fig. 8 displays the conversion capacity of
each catalyst until a 50 % hydrocarbon yield. The black bars express the amount of converted
methanol per gram zeolite. The grey bars represent the relative amount, when the loss due to
the desilication procedure is taken into account. The disadvantage of the alkaline desilication
is, that the improved catalytic performance is compensated by the high loss of zeolite

material. In case of using CTAB as a surfactant the catalytic performance outperforms the



parent material even when taking the loss into account. It is clearly visible that not only the
amount of external surface area is responsible for the conversion capacity, but also the pore

volume, which can be tailored by the amount of incorporated surfactant.
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Figure 8: Conversion capacity of the samples synthesized with different surfactant concentration. The

amount of converted methanol was calculated until the hydrocarbon yield dropped below 50 %.

3.3. Variation of the surfactant chain length

CTAB was used as the co-additive in the previous experiments. If the surfactant molecule is
responsible for the mesopore formation, it was investigated if the pore size of these mesopores
is tunable by varying the chain length of the surfactant molecule. Instead of using
hexadecyltrimethylammonium bromide (C16) as the surfactant other molecules like
tetradecyltrimethylammonium bromide (C14), dodecyltrimethylammonium bromide (C12),
decyltrimethylammonium bromide (C10) and octadecyltrimethylammonium bromide (C18)
were used during the alkaline treatment.

As a result of the nitrogen physisorption measurements a linear correlation between the
specific BET surface area and the alkyl chain length of the applied surfactant was observed

(Fig. 9a).
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Figure 9: Data derived from the nitrogen physisorption measurements for the samples templated with
different surfactant molecules. a) correlation of BET surface area and template chain length; b)

mesopore size distribution

The corresponding nitrogen physisorption isotherms (supplementary information Fig. S5)
show that with increasing chain length a more distinctive H2 hysteresis type is pronounced.
To describe the pore size distribution the BJH model derived from the desorption branch was
applied. Due to the tensile strength effect the model was only applied for the surfactants with
14, 16 and 18 c-atoms chain length to obtain valuable data. It is clearly visible that the chain
length determines the mesopore size distribution. Although there are some indications that the
pore size distribution of the C16 and especially the C14 is influenced by the tensile strength
effect, the desorption model was applied since it gives the most accurate description of the
pore sizes in this region. The pore size distribution derived from the adsorption branch shows
the same trends, but with an overestimation of the actual mesopore size. However, the
correlation between mesopore size and surfactant chain length was only observable for the
sodium form. After the exchange with an ammonium nitrate solution the mesopores become
widened and the defined differences in the distribution are lost (supplementary information

Fig. S6).



4. Discussion
4.1. Comparison alkaline and alkaline template treated zeolite

Several zeolites with different composition were compared by desilication in purely alkaline
media and alkaline media with additional surfactant molecules. The nitrogen physisorption
data shows, that with the use of CTAB as a soft-template the amount of external surface area
can be remarkably increased up to 536 m?/g. To our knowledge this is the highest value which
has been obtained by desilication treatment of ZSM-5 [20]. The purely alkaline treated zeolite
samples showed increased external surface areas as well, but not in the extent as the surfactant
treated samples. The literature reports that the zeolite composition has a crucial impact on the
formation of mesoporosity in zeolites [14, 19]. Aluminum has a directing influence on the
desilication and a ZSM-5 composition of Si/Al = 25-50 was found to be optimal. Similar
results were obtained in this work. Interestingly the chemical composition had no significant
impact on the mesopore formation when CTAB was used as a surfactant during the alkaline
treatment. The shapes of the nitrogen physisorption isotherms (supplementary information
Fig. S1) were almost identical and the obtained values for external surface area and pore
volume were in the same range. On the other hand SEM studies revealed that no additional
mesoporous phase was formed. The literature ascribes this increased external surface area to
the dissolution and re-assembly of extended zeolite fragments [30, 31]. The dismantled
negatively charged zeolite species interact with the positively charged surfactant molecules
(charge matching). The surfactant molecules self-assemble to micelles due to the interaction
of the hydrophobic tail with the aqueous solution. The micelles redeposit on the zeolite
surface and after combustion and calcination the zeolitic mesopore remains. Support for this
hypothesis comes from the BJH analysis, which shows a quite narrow pore size distribution
around 3—10nm. In comparison the purely alkaline treated materials have pore size

distributions from 10 — 100 nm; similar values were reported in the literature [14-15]. A



further evidence for this redeposition of extended zeolite fragments on the surface of the
zeolite is the increased yield, while using CTAB during the desilication.

TEM pictures show that the reassembled material is not just mesoporous silica material. In
fact zeolitic fragments are clearly visible at the outer part of the particle. SAXS studies
revealed the mesopores are not ordered on a long range. However, no clear statement could be
found on the shape and the orientation of the mesopores. Presumably the CTAB molecules
form spherical micelles with zeolitic fragments around.

H-ZSM-5 is an important catalyst in the conversion of methanol to hydrocarbons, with high
selectivity towards propene and excellent activity as well as longevity. A high Si/Al is
preferred due to the reduced deactivation and high selectivity towards short chain olefins at
low acid site densities. The increased acid site density of the desilicated ZSM-5 therefore
explains the low amount of propene and the high yields of aromatic and aliphatic byproducts.
Dahl et al. suggested entrapped hydrocarbon species, in particular polymethyl benzenes, as
reactive centers in the methanol conversion [38,39]. Several authors confirmed this hypothesis
by isotopic switch experiments and nowadays the ‘hydrocarbon pool mechanism’ is the
widely accepted mechanism for the MTH reaction [40-42]. Since the catalytic centers are
inside the micropores of the zeolite, the correlation between mesopores and catalytic
longevity is still under debate in the literature. Several papers have been published, reporting
enhanced catalytic lifetime in hierarchically porous structures [37,43]. This phenomenon is
attributed to an improved molecular diffusion through the mesopores. However, it has been
proven that the deactivation of the ZSM-5 zeolite mainly occurs at the external surface due to
coke formation [40]. Therefore an increased external surface area provides more potential
reaction centers and the catalyst longevity increases [37,44]. In case of the CTAB treated
materials the additional porosity is not the only reason for the improved catalytic lifetime.
FTIR-measurements and NHs;-TPD revealed that the surfactant treated samples show a

decrease in strong acid sites. To evaluate the influence of decreased acid site density and



additional porosity a purely microporous zeolite with comparable acidic properties was tested
as well. The reduction of acid site density leads to an improved catalyst lifetime, which has
been reported several times in the literature [44]. Therefore, the difference in catalyst lifetime
of the Z100 and the Z50-at_0.05CTAB zeolite can be subscribed to the hierarchical pore
system.

However, the superior catalytic performance is an interplay of acid site reduction and
improved accessibility of these sites.

For clarification of the nature and density of the acid sites in the mesopores further
experiments have to be performed. Additionally, a more size sensitive catalytic reaction could

give further insight in the performance of these definite mesopores.

4.2.  Variation of the surfactant concentration

By changing the surfactant concentration during the desilication re-assembly process it was
possible to tailor the total pore volume of the final product, but no clear trend for the external
surface area was observable. Applying a higher surfactant concentration resulted in a higher
degree of incorporation for the CTAB molecules into the hierarchical zeolite, which
subsequently lead to a higher pore volume after combustion. The pore size distribution or the
chemical composition was not affected by the surfactant concentration. A higher surfactant
concentration did also not result in the formation of an ordered mesoporous phase.

The catalytic test showed that the amount of converted methanol increased with higher
surfactant concentration in the synthesis, meaning that the catalyst lifetime does not only
depend on a high external surface area, as reported in earlier publications [37], but also on the

total pore volume to some extent.



4.3.  Variation of the surfactant chain length

The variation of the surfactant was carried out by changing only the longest alkyl chain of the
alkyltrimethylammonium bromide. It is known from the literature that the size and phase of
mesopores induced by the micelle formation is tunable by the alkyl chain length [45], but it is
unknown in which extent this principle is adoptable to desilication re-assembly.

Small angle X-ray diffraction measurements did not show formation of a regular mesoporous
phase, at the applied reaction temperature and the low surfactant concentration. Therefore the
focus was not set on phase transformation, but on the changes of the mesopore size
distribution. With increasing chain length, the diameter of the mesopores in the final product
increased. This is a consequence of the micelle formation and described in the literature [45].
The results strengthen the proposed mechanism of micelle induced redeposition of zeolite
fragments. Interestingly there is a linearly correlation between the BET surface area and the
surfactant chain length. This observation could be attributed to an increased amount of
combustible carbon introduced with larger chain length, resulting in a higher content of
mesopores. However, these phenomena have only been observed for the Na-ZSM-5 form.
Unfortunately the small definite pore size difference disappeared after the cation exchange. A
deeper insight in this topic and a study concerning the influence of different mesopore sizes

on catalysis will be performed in further experiments.



5. Conclusion

The desilication using CTAB as a co-surfactant of several ZSM-5 samples was performed.
The obtained materials have beneficial properties in terms of surface area and pore volume,
regardless of the chemical composition of the starting material. High external surface areas up
to 536 m?/g and narrow pore size distributions in the range of 3 — 10 nm were achieved by
applying this method. The zeolitic structure and morphology of the treated materials have not
been destroyed upon the desilication re-assembly process, although the acidic properties were
conducive modified. Purely alkaline desilication of zeolites only lead to external surface areas
of around 100 - 230 m?/g, broad pore size distributions and an increased acid site density.
Furthermore this technique destroys the starting material to some extent and is influenced by
its chemical composition. By using a co-surfactant during the alkaline treatment, a
hierarchical catalyst with high porosity and low acid site density was obtained.

The catalytic conversion of methanol to hydrocarbons confirmed the beneficial properties
received by the physiochemical characterization. A further improvement in catalyst lifetime
was achieved by introducing more surfactant molecules, leading to an increased catalyst
porosity.

The size of the mesopores could be tailored by varying the longest alkyl chain of the tetra
alkyl ammonium surfactant. However, the definite difference in pore size could not be

retained upon ion exchange with NH4;NOs.
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Figure S1: Nitrogen physisorption isotherms of the co-surfactant desilicated ZSM-5 material.
Zeolites with a chemical composition of Si/Al = 50, 140 and 300 were used as starting
materials. The zeolites with the composition Si/Al = 50 and 300 are synthesized in the
laboratory and the zeolite with Si/Al = 140 is commercial. The isotherms clearly visualize that

the desilication re-assembly process does not depend on the zeolite composition.

Figure S2: SEM pictures of the parent zeolite (Z300; Si/Al =300) and the desilicated re-

assembled zeolite (Z300-at_0.05CTAB). The morphology of the particle is remained.
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Figure S3: TPAD profiles of the parent zeolite (Z50), the desilicated (Z50-at) and the
desilicated reassembled (Z50-at 0.05CTAB) material. Both desilicated samples show a
distinctive shoulder at 550 — 650 K, resulting from different acid sites. To evaluate the strong

acid sites two Gaussian peaks were fitted under each curve with the least square method [1].

Table S1: Acidic properties of the parent zeolite (Z50), the desilicated (Z50-at) and the

desilicated reassembled (Z50-at_0.05CTAB) material.

SiAI® NH, ° V(OH)  AV(OH) V(CO)
capacity
[molmol*]  [mmolg?]  [cm] [cm™] [cm™]
750 51 0.186 3614 336 2173
Z50-at 14 0.210 3617 331 2173
Z50-at_0.05CTAB 25 0.076 3612 330 2175
7100 112 0.086 - - -

#chemical composition was determined by ICP-OES

® NH; capacity was determined by NH;-TPAD (Integration of the deconvoluted strong acid site peak)



Chemical composition, the amount of desorbed ammonia (in the temperature range of 500 —
800 K, the vibrational mode of the Bronsted-acid sites (v(OH)), the shift upon CO adsorption

and the vibrational mode of the CO molecules induced by Bronsted-acid sites.

200

7100

Figure S4: Nitrogen physisorption isotherms and SEM-picture of ZSM-5 (Z100) with similar
acidic properties of the alkaline surfactant treated material (Z50-at_0.05CTAB). Besides the
pure microporosity two hysteresis steps are visible which are subscribed to material effects.
The hysteresis at p/po = 0.2 is typical for ZSM-5 zeolites with Si/Al ratios above 75 and is
caused by an expansion of the channels and an increased adsorption of nitrogen. The

hysteresis at p/po = 0.4 — 1 is assigned to interparticle voids.
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Figure S5: Nitrogen physisorption isotherms of the desilicated re-reassembled materials, using
different surfactant molecules. The denotation C10 — C18 corresponds to the C atoms of the
longest alkyl chain of the surfactant used. The development from the isotherm typical for

purely desilication towards the typical isotherm of desilicated reassembled materials is clearly

visible.
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Figure S6: The pore size distribution of the samples co-templated with
tetradecyltrimethylammonium bromide (C14), hexadecyltrimethylammonium bromide (C16)
and octadecyltrimethylammonium bromide (C18) derived from the desorption branch of the
nitrogen physisorption isotherm. Shown are the sodium and the ion-exchanged form of these
samples. It is clearly visible, that the definite difference in pore size is destroyed upon ion

exchange.
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