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A tunable desilication protocol applied on a mesoporous
ZSM-5 zeolite synthesized by carbon-templating is reported.
The strategy enables a systematic manufacture of zeolite cat-
alysts with moderate to very high mesoporosities. Coupling
carbon-templating and desilication thus allow for more than
a doubling of the original mesopore volume and mesopore
surface area. The porosity effect arising from various treat-
ment times and base amounts in the media has been

thoroughly mapped. Initially, small mesopores are created,
and as desilication strength increases the average mesopore
size enhances. Crystallinity of the treated samples is re-
tained, and electron microscopy indicates solely intracrystal-
line mesoporosity.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Zeolites are crystalline microporous aluminosilicates that
have found a multitude of industrial applications as, e.g.
sorbents, ion-exchangers, and catalysts. The widespread ap-
plication of zeolites in industry can be attributed to the in-
herent micropore system of molecular dimensions, which
allows for shape-selective catalysis. Moreover, they are often
thermally highly stable materials, which possess remarkably
high surface areas. These properties make zeolites particu-
larly useful for catalytic applications, and the use of zeolites
as catalysts has indeed received significant attention.!?!
However, molecular transport to the catalytically active
micropore system in the bulk of the crystals may become a
limiting factor for their activity in some catalytic applica-
tions.’] Recently, several preparative strategies have been
developed with the aim of producing zeolite materials that
overcome this diffusion limitation.[*! The strategies pur-
sued so far include increasing the width of the zeolite
micropores,[® ! decreasing the size of the zeolite crys-
tals,'% 14 and the introduction of an auxiliary mesopore
system in addition to the inherent micropore system.[>-18l
The latter two classes of materials can be classified as hier-
archical in terms of porosity because they have bi- or tri-
modal pore-size distributions, and the preparation of such
materials by use of mesopore templates was reviewed very
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recently."”! For the preparation of zeolites with intracrystal-
line hierarchical porosity, two main approaches appear to
be the most promising,?”) namely carbon-templating®'-2>
and desilication.l?*+27)

In carbon-templating, porous zeolite crystals are pro-
duced by removal of auxiliary carbon particles encapsulated
in the zeolite crystals during growth. In desilication, con-
ventional purely microporous zeolite crystals are treated
with dilute aqueous base to preferentially dissolve silica
species from the zeolite crystals. Here, we show that the
porosity of carbon-templated mesoporous zeolite crystals
can be tuned, as well as increased by more than a factor of
two, by subjecting the already mesoporous material to a
desilication procedure. Coupling of these two procedures
have in fact been attempted earlier, however, with limited
success.”®] The process of desilication corresponds to a par-
tial dissolution of the zeolite framework. Therefore, it is im-
portant either to use a limited amount of a base or to re-
strict the time during which the process is allowed to pro-
ceed.*”]

Results and Discussion

A mesoporous carbon-templated ZSM-5 zeolite was sub-
jected to various desilication treatments as listed in Table 1.

Physico-chemical properties of the resulting materials
from N, physisorption, XRD and NH;3-TPD measurements
are included. First of all, it can be seen that the microporos-
ity is preserved after desilication since the micropore vol-
umes of the samples are not affected by the treatments.
Moreover, it can be seen that the parent carbon-templated
sample has a considerable mesopore volume of ca. 0.3 mL/g.
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Table 1. Textural data from N, adsorption/desorption experiments on the parent and desilicated samples.[#]

Sample Base amount Time SBET Sineso V meso V micro D[101]®! Acidityl®
[mmol/g] [min] [m?/g] [m?/g] [mL/g] [mL/g] [A] [mmol/g]
Parent - - 408 0.30 0.11 677 0.164
1 3 30 408 162 0.37 0.11 595 0.180
2 5 30 422 0.47 0.10 513 0.206
3 7.5 30 478 222 0.63 0.11 494 0.235
4 10 30 478 232 0.72 0.10 460 0.272
5 15 30 503 234 0.75 0.11 386 0.293
6 8 5 295 142 0.33 0.06 - -
7 8 10 466 0.64 0.10 - -
8 8 15 443 210 0.66 0.10 - -
9 8 20 456 208 0.70 0.11 - -
10 8 30 450 0.73 0.11 - -
11 8 70 445 0.65 0.11 - -

[a] Samples 1-5 were desilicated in a 0.1 M solution and samples 6-11 in a 0.2 M solution. Vyeso =

Vdds,P/PO =099 — Vmicro~ Vmicro from t-

plot. Sieso from BIH. Surface area of pores 17-3000 A. [b] Scherrer equation. [¢] NH;-TPD. NH; desorbed at 175 °C for 2 h.

This porosity corresponds to a moderate mesopore surface
area Speso Of 117 m?/g due to rather large mesopores cen-
tered around ca. 20-30 nm. The physisorption isotherms
obtained from samples treated with different volumes of
0.1 M NaOH solutions for 30 min (samples 1-5) are shown
in Figure 1(a). In Figure 1(a) it can be seen that the meso-
pore volume of the samples increases with increasing desil-
ication strength. Moreover, closer inspection of Figure 1(a)
reveals that a hysteresis loop starts to develop at a relative
pressure of 0.45 at low treatment strengths (samples 1 and
2). This is attributed to the formation of new smaller meso-
pores, initially with a diameter below 10 nm as is evident
from the BJH-derived pore-size distribution given in Fig-
ure 1(b).

The sizes of the created mesopores are in excellent agree-
ment with previously published data on desilication of pu-
rely microporous ZSM-5 samples.2%31 Interestingly, be-
cause the mesopores initially formed are smaller than the
inherent mesopore system present, these results indicate
that it is possible to create a hierarchical zeolite with a
multi-level mesoporosity by coupling the carbon-templating
and desilication protocols. As the desilication strength is
increased, these smaller mesopores grow larger, as can be
seen by the disappearance of the mesopores below 10 nm
(samples 3 and 4) and simultaneous growth of pore volume
attributed to pores around 15 nm. Thus, the observed in-
crease in mesopore volumes apparent from Table 1 does not
only originate from an increase in the pore sizes of already
existing mesopores, but also from newly generated meso-
pores. The generation of mesopores can also be tuned by
variation of the reaction time as evident from the physisorp-
tion data presented in Table 1 for samples 6-11. It can be
seen, that the mesopore volume as well as the mesopore
surface area of the parent mesoporous sample are doubled
after only 10 min (sample 7). Moreover, it can be seen that
further extending the desilication time only marginally in-
creases the mesopore volume, and an extreme time has a
detrimental effect on the mesopore surface area (sam-
ple 11). This is attributed to the pore size distribution ex-
tending significantly into the macropore region. Key sorp-
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Figure 1. (a) N, adsorption/desorption isotherms of the parent
along with samples 1-4. Isotherms of samples 1-4 are offset by 150
for illustrative reasons. (b) BJH-derived pore-size distributions.

tion isotherms and the respective BJH-derived mesopore
diameters are given in the Supporting Information (Fig-
ure S1). Figure 2 shows the XRD patterns of the parent
sample along with samples 1-5 illustrating the preserved
crystallinity and phase purity of the treated samples. In ac-
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cordance with results obtained after desilication of conven-
tional zeolite samples, the intensity of the reflections grad-
ually decrease as the desilication strength is increased.?33
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Figure 2. XRD diffractograms of parent sample and samples 1-5
desilicated for 30 min with increasing desilication strength.

The effective average crystal diameter calculated by the
Scherrer equation reveal a gradual decrease in crystal dia-
meter. The DJ[101] deflection was chosen for Table 1.
Table S1 (Supporting Information) contains effective crystal
sizes derived from other deflections. By analyzing the XRD
results in relation to imaging obtained from SEM and TEM
analysis, it appears unlikely that the desilicated crystals dis-
mantle to produce interparticle mesoporosity. The observed
decrease in the average crystal size could alternatively be
explained by the formation of an increasing number of in-
tracrystalline domains bordering a mesopore within the sin-
gle crystal. From NH;-TPD an acidity of 0.164 mmol/g was
measured for the parent sample after desorption of NHj; at
175 °C for 2 h. This acidity correlates to the anticipated Si/
Al ratio of approximately 45 when compared to a cali-
bration curve from ZSM-5 zeolites of known acidities, thus
indicating complete aluminium incorporation from the gel
during crystallization. Furthermore, it can be seen from
Table 1 (samples 1-5) that the total acidity of the materials
increase as a function of the desilication, as would be ex-
pected from the selective silicon extraction. Figure 3 pres-
ents the NH; desorption curves obtained after desorption
of weakly bound NHj; at 100 °C for 1 h and at 175 °C for
2 h. A continuing increase in total acidity and nearly a
doubling for the most severely treated zeolites is apparent
in both cases. In Figure 3(b) it can be seen that a significant
contribution to the acidity orginates from a shoulder on
the low-temperature side of the desorption maximum at ca.
365 °C. As the treatment strength increases, the shoulder
intensifies, which is possibly due to partial (extra) frame-
work aluminum species generated during the desilication.

Figure 4 gives representative SEM and TEM images of
the parent and desilicated samples. SEM was used to verify
the homogeneity of the parent material with respect to crys-
tal size and porosity, and to visually monitor the effect of
the desilication treatments. In Figure 4(a) a SEM image of
the parent sample is shown. It can be seen that the crystals
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Figure 3. NH; desoprtion curves of parent sample and samples 1—

5. Weakly bound NHj; desorbed in He at (a) 100 °C for 1 h and (b)
at 175 °C desorbing for 2 h.

Figure 4. (a)—(c) SEM images of the parent sample, sample 7 (desil-
icated 10 min.) and sample 10 (desilicated 30 min), respectively. (d)
TEM image of sample 10 (desilicated 30 min).
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exhibit the well-known sponge-like morphology character-
istic of mesoporous carbon-templated MFI zeolites.*4l
Overview images of the parent sample confirmed that the
crystals were similar in size (2-3 pm long) and that the vast
majority of them exhibited this morphology. Figures 4(b)
and (c) show SEM images of desilicated samples obtained
after 10 min (sample 7) and 30 min (sample 10) treatment
times, respectively. From these images, it is evident that de-
silication leads to a gradual “roughening” of the crystals,
which appear to be more and more rugged as the desil-
ication time is increased. TEM analyses also revealed the
sponge-like morphology of the crystals as evident from the
highly contrasted image of the 30 min desilicated samples
shown in Figure 4(d).

Conclusions

We have shown that the porosity of carbon-templated
mesoporous ZSM-5 may be enhanced by a factor of at least
two by desilication of such a sample in terms of mesopore
surface area as well as mesopore volume. Two types of de-
silication protocols were applied for tuning the porosity of
the carbon-templated mesoporous sample: variation in the
volume of hydroxide solution and variation in reaction
time. Pore-size distribution plots revealed that at lower de-
silication strengths both newly generated smaller mesopores
(initally centered below 10 nm) as well as mesopores already
present in the sample (centered around ca. 20-30 nm) con-
tributed to the mesopore volume. With increased desil-
ication strength, these smaller mesopores grew larger,
eventually, after excessive desilication, into the macropore
region. The method applied here could easily be extended
to other zeolite structure types, and it therefore provides a
useful and easy approach for systematically generating
highly mesoporous zeolite samples.

Experimental Section

A mesoporous ZSM-5 sample was prepared by carbon-templating
according to a modified literature procedure.*) A nominal Si/Al
ratio of 45 was used in the gel. Briefly, 2 g of carbon black pearls
2000 was impregnated with a fresh solution of aluminium isopro-
poxide in tetrahydrofuran (0.084 g in 6 mL) and left to dry over-
night. Then the carbonaceous material was impregnated with a
mixture of tetrapropylammonium hydroxide (3.44 g, 40 wt.-%),
aqueous sodium hydroxide (0.1 g in 0.5g H,0) and ethanol
(3.03 g), and left to dry overnight. The material was impregnated
with tetraethyl orthosilicate (3.87 g) and left to dry overnight before
being crystallized at 180 °C for 5d. The carbon matrix was re-
moved by calcination at 550 °C in static air for 20 h reached at a
ramp of ca. 2 °C/min. The proton form of the zeolites was obtained
by threefold ion-exchange in a 1 M NH4NOj5 solution and calci-
nation at 550 °C in static air for 4 h. The sample was subjected to
different desilication procedures by immersion of the zeolite sam-
ples in aqueous sodium hydroxide solutions at 65 °C for various
periods of time. After reaction, the desilicated samples were col-
lected by filtration and washed thoroughly with water. Nitrogen
physisorption measurements were conducted with a micromeretics
ASAP 2020. Powder X-ray diffraction (XRD) patterns of the par-
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ent and desilicated samples were recorded with a Bruker AXS pow-
der diffractometer. Scanning electron micrographs (SEM) were re-
corded with a JEOL JSM 5900 equipped with an LaBg filament.
Prior to measurements, the samples were sputter-coated with Au
for 40 s by using a Polaron SC 7620. Transmission electron micro-
scopy (TEM) images and selected area diffraction (SAD) were re-
corded with a JEM 2000 FX with an accelerating voltage of 300 kV,
as described previously.?®) NH;-TPD measurements were per-
formed with a Micromeritics Autochem II equipped with a TCD
detector. Samples were transformed into proton form prior to
NH;-TPD analysis through a similar procedure as described above
for the parent material. Dry weight of the samples was found after
evacuation at 300 °C for 1 h. Weakly bound ammonia was de-
sorbed prior to measurement at 100 °C in an He flow of 25 mL/
min for 1 h or at 175 °C in an He flow of 50 mL/min for 2 h, respec-
tively.

Supporting Information (see footnote on the first page of this arti-
cle): N, physisorption isotherms and crystal-size measurements
(calculated by use of the Scherrer equation from X-ray data).
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