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Synthesis and characterization of fibrous silica
ZSM-5 for cumene hydrocrackingy
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Inspired by the high accessibility and low diffusion limitations of fibrous silica nanoparticles (KCC-1), fibrous
silica ZSM-5 (FZSM-5) was engineered using a microemulsion system. The spherical FZSM-5 with a

dendrimeric silica fiber possessed a high surface area (554 m?), a wide pore diameter (2-20 nm), abundant
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Zeolites are aluminosilicate minerals with interconnected
channels with various shapes, structures, topologies, and
compositions, which have diverse properties and industrial
applications. ZSM-5 is one of the most commonly used zeo-
lites in industry due to its high thermal stability, shape selec-
tivity and a wide range of tunable acidities and crystal sizes.
However, the microporous structure of ZSM-5 imposes draw-
backs such as low active site accessibility and diffusion limita-
tions, which may lead to rapid catalyst deactivation. There-
fore, the development of mesoporous ZSM-5 that possesses
both micropore and mesopore structures may improve the
catalytic activity and stability as it increases the reactant diffu-
sion capability into the ZSM-5 pores. A common method to
obtain mesoporous ZSM-5 is the post-synthetic demetallation
(desilication or dealumination)' method. However, post-
synthetic demetallation can partially destroy the structure,
leading to the loss of acidic sites. The soft templating method
is another approach to obtain mesopore structures in zeolites.
The flexible supramolecular templates allow for controlling
and generating both micropore and mesopore structures. Re-
cently, soft templating using a surfactant produced a new
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strong acid sites and high catalytic activity towards cumene hydrocracking.

morphology of a mesoporous silica material having
dendrimeric silica fibers.” Silica nanoparticles, which possess
dendrimeric silica fiber morphology (KCC-1), have been ex-
plored as support materials in catalysis and adsorption pro-
cesses. Dendrimeric silica fibers that widen radially outward
provide a high surface area and can enhance the accessibility
of the functional materials to the reactant.*> KCC-1 also pos-
sess intrinsic mesopores and exhibit high thermal stability
and activity.> Preparation of these materials utilizes a micro-

emulsion system containing a surfactant, oil and water.
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Fig. 1 TEM, FESEM, particle size distribution and elemental mapping
of Pt/HFZSM-5.
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Furthermore, KCC-1 allow for facile control over the particle
size and morphology by the introduction of a co-surfactant
and various co-solvents.*” Fihri et al.* reported that Ru/KCC-1
exhibited better catalytic performance in hydrogenolysis com-
pared with Ru/SBA-15 and Ru/MCM-41, due to better accessi-
bility to the active sites. In this present work, we reported a
novel fibrous morphology of ZSM-5, which was prepared by
using a microemulsion system coupled with zeolite crystal-
seed crystallization.

Fibrous silica ZSM-5 (FZSM-5) was prepared by using a
microemulsion technique coupled with zeolite seed-assisted
crystallization. The microemulsion formed from the combi-
nation of a surfactant (CTAB), an oil phase (toluene), water,
and a co-surfactant (butanol). The mixture was treated under
hydrothermal conditions for 4 h. The calcined solid product
was then exposed to protonation and impregnation with plat-
inum (details are given in the ESI}).

The morphology and particle size distribution of platinum
loaded on protonated fibrous silica ZSM-5 (Pt/HFZSM-5) are
shown in Fig. 1. Pt/HFZSM-5 possessed a spherical and
narrow particle size distribution (360-560 nm) with a
well-ordered dendrimeric morphology. Elemental mapping
showed widely distributed Si atoms, and that Al atoms were
mainly distributed on the center of each sphere. Pt atoms
were scarcely distributed on the Pt/HFZSM-5 particles. It was
noted that Pt/HFZSM-5 showed a completely different mor-
phology from that of Pt/HZSM-5 (Fig. S1t). The aluminosili-
cate framework of ZSM-5 was mainly distributed on the cen-
ter of the Pt/HFZSM-5 sphere and the dendrimer was mainly
composed of silica and a small part of the ZSM-5 framework.
It also exhibited a distance between dendrimers (inter-
dendrimer distance) which would allow for easy diffusion of
reactants, leading to increased catalytic performance.

The FZSM-5 type catalyst showed the characteristic pattern
of an MFI structure at 20 = 7-10° and 20-24° (Fig. 2A).® No
significant changes were observed after the protonation and
introduction of Pt. Moreover, there was an absence of diffrac-
tion peaks of Pt in Pt/HFZSM-5 and Pt/HZSM-5.° This was
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Fig. 2 (A) XRD patterns of all the catalysts, (B) ’Al NMR spectra, and

(C) NH3-TPD profile (true line) and pyridine IR spectra (dotted line)

after outgassing at 623 k.
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probably due to the poor crystallinity of the platinum species
or an amount of Pt that is below the detection limit of the in-
strument. Furthermore, in general, the FZSM-5 type catalyst
possessed lower crystallinity than the ZSM-5 type catalyst due
to the formation of dendrimeric silica fibers on ZSM-5 (Table
S1t). The FZSM-5 type catalyst also showed a significant in-
crease in the Si/Al ratio than the ZSM-5 type catalyst (Table
S17). This was attributed to the presence of the dendrimeric
silica fiber and the decrease in the alumina species of the
FZSM-5 type catalyst. Here, we propose that formation of a
core-shell FZSM-5 occurred with ZSM-5 as the core and the
dendrimeric silica fibers as the shell, which is supported by
the TEM, FESEM, elemental mapping, and XRD results.

According to the *’Al MAS NMR spectra in Fig. 2B,
HFZSM-5 showed a chemical shift at 60 ppm while HZSM-5
exhibited a shift at 55 ppm, which could be associated with
an increasing amount of isolated tetrahedrally coordinated
aluminum atoms'® in HFZSM-5. However, the decrease in
signal intensity between 50-60 ppm could be attributed to
the removal of tetrahedrally coordinated framework Al atoms
for extraframework Al atoms, which is supported by the
higher signal intensity at 0 ppm of HFZSM-5 than that of
HZSM-5. The *°Si MAS NMR spectra of both catalysts showed
a dominant signal at -114 ppm which was assigned to the
crystallographically equivalent site of (=Si0),Si for both
HFZSM-5 and HZSM-5 (ref. 11) (Fig. S2}). HFZSM-5 shows a
higher signal intensity than HZSM-5 due to an additional sili-
cate framework from the formation of dendrimeric silica fi-
bers. In accordance with the XRD patterns, the tetrahedral
alumina and silica species of FZSM-5 were presented in the
ZSM-5 framework.

The FZSM-5 and ZSM-5 type catalysts exhibited four absor-
bance peaks in the OH stretching region. The absorbance
bands at 3740, 3660 and 3610 cm ' were observed for both
the FZSM-5 and ZSM-5 type catalysts, which were assigned to
the stretching vibrations of the silanol groups on the external
surface, hydroxyl groups bonded to the extraframework alu-
mina, and bridging hydroxyl groups, respectively.'>'* Addi-
tionally, the stretching vibrations of perturbed hydroxyl
groups by lattice defects at 3700 cm™" was only observed for
the FZSM-5 type catalyst (Fig. S3AT)."> This was probably due
to the presence of dendrimeric silica fibers in FZSM-5. The
FZSM-5 type catalyst exhibited a higher intensity of the band
at 3740 cm™"* than the ZSM-5 type catalyst, which could be at-
tributed to the additional terminal silanol groups from the
formation of the dendrimeric silica fibers. In agreement with
the NMR results, the FZSM-5 type catalyst possessed more
extraframework alumina species than the ZSM-5 type catalyst.
The FZSM-5 type catalyst also exhibited absorbance bands at
2000, 1890 and 1630 cm ', which were ascribed to the vibra-
tional overtones and combination framework modes of the
T-O units of the zeolite framework (Fig. $3B+)."* No apparent
changes in lattice stretching after protonation and impregna-
tion could indicate the stability of the aluminosilicate frame-
work in FZSM-5. Based on the elemental mapping, XRD,
NMR and IR results, FZSM-5 possessed the ZSM-5 framework
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structure, which was concentrated on the center of each den-
dritic sphere.

According to the N, adsorption-desorption isotherms of
the catalysts, the ZSM-5 type catalyst exhibited typical iso-
therms for microporous materials. Meanwhile, the FZSM-5
type catalyst showed typical type IV isotherms with H; hyster-
esis, showing a mesoporous material with non-uniform slit-
shaped pores (Fig. S4A1).” Higher nitrogen uptake was dem-
onstrated by the FZSM-5 type compared to the ZSM-5 type
catalyst, indicating the higher porosity of the FZSM-5 type
catalyst. For all the catalysts, nitrogen uptake at a low relative
pressure was due to the presence of micropores. At high rela-
tive pressures, a sharp increase in nitrogen uptake due to the
presence of interparticle pores was observed only in the
FZSM-5 type catalyst. The pore distributions derived from the
NLDFT method showed sharp peaks in the range of 2-5 nm
and small peaks in the range of 10-20 nm, corresponding to
the mesopores from the self-assembly of the CTAB surfactant
and the inter-dendrimer distances, respectively (Fig. S4Bf).
The presence of dendrimers may be responsible for the sig-
nificant increase in the BET surface area and pore volume of
the FZSM-5 type catalyst. The inter-dendrimer distances of
FZSM-5 could be counted as mesopores and caused a signifi-
cant difference in the mesopore volume between the FZSM-5
and the ZSM-5 type catalysts. Pt/HFZSM-5 showed an increase
of about 95% in the BET surface area compared to that of Pt/
HZSM-5. In fact, about 50% of the surface area of Pt/HZSM-5
was dominated by the micropore surface area due to the ab-
sence of dendrimeric silica fibers (Table S17). Besides, it also
displayed a relatively small total pore volume and mesopore
volume compared to those of the FZSM-5 type catalyst. Upon
the introduction of Pt into the protonated fibrous silica ZSM-
5 (HFZSM-5), slight decreases in the surface area and total
pore volume were observed. This could be attributed to
micropore blockage and a reduction in interparticle porosity
due to the decrease in the micropore surface area and meso-
pore volume in Pt/HFZSM-5.

Fig. 2C shows the NH;-TPD profiles of Pt/HFZSM-5 and Pt/
HZSM-5. Pt/HFZSM-5 was dominated by moderate and strong
acid sites, as evidenced by the high intensity of the peaks at
around 500-830 K. Meanwhile, Pt/HZSM-5 was dominated by
relatively weak and moderate acid sites, as indicated by the
higher signal intensity at around 313-500 K than the signal
intensity at around 600-850 K. The distribution of acid
strength was also assessed by using a titration method with a
Hammett indicator. Pt/HFZSM-5 exhibited a higher amount
of total acid sites compared with Pt/HZSM-5. The significant
increase in the acid sites with acid strength +4.8 < H, < +6.8
could be attributed to the increase in the number of
extraframework alumina and the presence of a dendrimeric
silica fiber, which increase the number of acid sites of the
silanol group.'® Pt/HFZSM-5 also showed a significant in-
crease in the acid sites with acid strength H, < +3.3. This in-
crease in the strong acid sites of Pt/HFZSM-5 could be associ-
ated with the increase in the number of isolated Al atoms in
the framework." This result was supported by the chemical
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shift in the >’Al MAS NMR spectra at 60 ppm, which was
assigned to the formation of an isolated AlO, tetrahedral. On
the other hand, the ZSM-5 >’Al MAS NMR spectra showed a
chemical shift at 55 ppm.*°

Using pyridine as a probe, the FTIR spectra obtained after
outgassing at 623 K showed that the FZSM-5 and ZSM-5 type
catalysts exhibited absorbance bands at 1446 and 1546 cm ™",
respectively, as shown in Fig. 2C. These were associated with
the presence of both Lewis and Brgnsted acid sites for all cat-
alysts."® An intense band at 1446 cm™" for the FZSM-5 type
catalyst indicated the presence of abundant Lewis acid sites
on FZSM-5, which may be due to the presence of Si-OH
electron pair acceptors in the dendrimeric silica fibers and
the exposed surface of unsaturated cations of the FZSM-5
type catalyst.'”” The introduction of Pt could change the
amount of Brensted acid sites of HFZSM-5 which may corre-
spond to the dehydroxylation process resulting in the in-
crease in the number of Lewis acid sites.'® The increase in
the number of Lewis acid sites could also be attributed to the
interaction of the electron-deficient Pt with pyridine.>* On
the contrary, Pt/HZSM-5 exhibited a higher intensity of the
band at 1546 cm ™", indicating the presence of a higher num-
ber of Brensted acid sites which arises from bridging hy-
droxyl groups (SiOHAIl). After outgassing with pyridine at 623
K, the FZSM-5 type catalyst exhibited a higher concentration
of Lewis acid sites than Bronsted acid sites.'® Meanwhile, the
ZSM-5 type catalyst exhibited a higher concentration of
Bronsted acid sites than Lewis acid sites (Table S17). In ac-
cordance with the NH;-TPD results, the moderate and strong
acid sites of Pt/HFZSM-5 were probably dominated by the
Lewis acid sites, while for Pt/HZSM-5, the strong acid sites
were probably dominated by the Bronsted acid sites.

Cumene hydrocracking was used to assess the catalytic ac-
tivities of the FZSM-5 type catalysts in the temperature range
of 373-623 K. Fig. 3A shows the comparison of cumene hy-
drocracking activities of FZSM-5, HZSM-5, HFZSM-5, Pt/
HFZSM-5, and Pt/HZSM-5. At 623 K, Pt/HFZSM-5 exhibited
the highest rate of conversion of 0.303 pmole s g ",

Cumene DIPB TIPB  EB

100

o

W

&
s}
«
«

mStyrene  WDIPB
Cumene M Benzene

To—:purrzsms B

@ Dependence towards

r
—&—: HFZSM-S 4 0 s %0
s Bronsted acid sites £l Eee
= . =
8 —0— : Pt/HZSM-5 4 A Dependence towards 4 % 80
& —%—: HZSM-5 Lewis acid sites g -
7,025 E 3 70
z s
g &3 3§ 60
£} i
= ] ) -
= = 1 Il | 0 &
i g [ PPt & -
90, s, 4 , & 3
K 2 T 20, 40 >
s < ® e 3§ 2
4 X = 30
k3 \ H
5 kA A F
] 1 \ 1s 20
] \ B
0 S
o o . 5 10
] 2
20 02 0
&

373 423 473 523 573 623
Temperature K]

H o] bJ »
2\ A\ 5 5
& & @

Y

Pt/HZSM-5
Pt/HFZSM-5
HZSM-5
HFZSM-5
HZSM-5
HFZSM-5
HZSM-5
HFZSM-5

Fig. 3 (A) Rate of cumene conversion as a function of reaction
temperature, (B) dependence of the cumene rate of conversion of all
the catalysts on Brgnsted and Lewis acid sites after outgassing at 623
K, and (C) product yields of cumene, DIPB, and TIPB hydrocracking
over HFZSM-5 and HZSM-5 at 573 K and EB dehydrogenation over Pt/
HFZSM-5 and Pt/HZSM-5 at 773 K.
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followed by HFZSM-5 (0.268 pmole s g '), Pt/HZSM-5
(0.161 pumole s™ geo ), HZSM-5 (0.146 pumole s g.,. ') and
FZSM-5 (0.087 pmole s g. ). The product distribution of
cumene hydrocracking was equally composed of propylene
and benzene. Pt/HFZSM-5 gave a total product yield of
89.5%, while FZSM-5, HZSM-5, HFZSM-5 and Pt/HZSM-5 gave
total product yields of 12.1, 79.8, 69.8 and 65.8% at 573 K, re-
spectively. Pt/HFZSM-5 displayed high catalytic stability
which could maintain 88% conversion while the catalytic ac-
tivity of Pt/HZSM-5 decreased by 15% after 100 doses of
cumene (Fig. S5f). This could be attributed to the lower
amount of coke deposited on Pt/HFZSM-5 compared with
that on Pt/HZSM-5 (Fig. S61) during the reaction due to the
presence of intrinsic mesopores.> The formation of the
dendrimeric silica fiber increased the total amount and
strength of the acid sites which led to the higher catalytic ac-
tivity of Pt/HFZSM-5 compared to Pt/HZSM-5. Pt/HFZSM-5
showed up to 80% increase in the rate of conversion com-
pared to Pt/HZSM-5. Fig. 3B shows the plot of the depen-
dence of the rate of conversion of all the catalysts on acid site
concentration after outgassing at 623 K. There was no signifi-
cant change in the yield ratio of the rate of conversion to the
Lewis acid site concentration, which could be attributed to
the clear correlation between the concentration of Lewis acid
sites and the rate of cumene hydrocracking.*”> The presence
of intrinsic mesopores also allowed for the high diffusion
rates of the products and/or reactants, while the inter-
dendrimer distances of the FZSM-5 type catalyst promoted
facile access to the active sites. These properties enhanced
the catalytic activity of the FZSM-5 type catalyst. Thus,
cumene (critical diameter = 7.8 A) would not suffer any diffu-
sional limitations when diffusing through the FZSM-5 type
catalyst.®> On the other hand, the ZSM-5 type catalyst with a
microporous structure would impose diffusional limitations,
which lead to lower catalytic activity. The introduction of Pt
was able to increase the acid sites in HFZSM-5 and provided
molecular hydrogen from a hydrogen spillover phenomenon
to assist in the formation of protonic acid sites.>* In general,
the activity and stability of the FZSM-5 type catalysts were
better than or comparable to other zeolites and/or meso-
porous materials®® in the literature, as illustrated in Table
S3.F

In order to evaluate the activity of the FZSM-5 and ZSM-5
catalysts on molecules of different sizes, HFZSM-5 and
HZSM-5 were examined for 1,4-diisopropylbenzene (DIPB)
and 1,3,5-triisopropylbenzene (TIPB) hydrocracking at 573 K.
HFZSM-5 exhibited higher catalytic activity in both DIPB and
TIPB hydrocracking than HZSM-5 (Table S27). Fig. 3C shows
the products of DIPB and TIPB hydrocracking. Since DIPB
and TIPB possess critical diameters of 8.4 A and 9.5 A, re-
spectively, hydrocracking of these molecules with conven-
tional ZSM-5 (pore size = 5.7 A) might be limited by the diffu-
sion problem.>® With conventional ZSM-5, DIPB and TIPB
cracking occur solely on the external surface of ZSM-5, with
fewer active sites due to the diffusion limitation in the micro-
pores.?*?”” However, the mesopores and inter-dendrimer dis-
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tances of HFZSM-5 increased the diffusion rates and active
site accessibility of large molecules such as DIPB and TIPB,
leading to the higher catalytic activity of HFZSM-5 than that
of HZSM-5.2%*

The production of styrene from ethyl benzene (EB) via the
dehydrogenation route was performed on Pt/HFZSM-5 and
Pt/HZSM-5 in 56.3 and 40.3% styrene yield, respectively. In
the dehydrogenation reaction, a high temperature or low
pressure is required for the high conversion of EB because of
the endothermic reaction. Platinum was used because it is a
highly active catalytic element and is not required in large
quantities. Pt/HFZMS-5 gave a higher styrene yield compared
to other materials (Table S3t). The selectivity and activity dur-
ing dehydrogenation are strongly influenced by the degree of
platinum dispersion.>** Pt/HFZSM-5 possessed a high surface
area and a large pore diameter, which led to a higher disper-
sion degree and smaller size of the Pt particle compared to
Pt/HZSM-5 (Table S1t). The dendrimeric silica fibers in Pt/
HFZSM-5 could also decrease the diffusional resistance of the
reactant. These properties could enhance the activity and se-
lectivity of Pt/HFZSM-5, since the activity was strongly
influenced by the metal particle dispersion degree and the se-
lectivity was limited by the mass transfer rate.>® The catalytic
activity of commercial ZSM-5 with similar Si/Al ratio to the
FZSM-5 type catalyst was also assessed in all catalytic reac-
tions. HZSM-5(50) present much lower catalytic activity com-
pared to the FZSM-5 type catalyst (Table S21). The presence
of a dendrimeric silica fiber on the FZSM-5 type catalyst pro-
vides more Lewis acid sites which have direct correlation with
the catalytic activity of the catalyst. Moreover, the micropo-
rosity of HZSM-5(50) increases the diffusion limitations of
the reactants which decreases their catalytic activity.

The formation of fibrous silica ZSM-5 is due to the combi-
nation of zeolite crystal-seed crystallization method and
microemulsion system as the template. The ZSM-5 seed acted
as a nucleation site wherein initial-bred nuclei were formed
on the seed surface and then dislodged from the surface. The
crystallization process may have occurred in a small portion
of the ZSM-5 seed. Desilication and partial dealumination of
the ZSM-5 seed may have occurred during the dislodging in
some parts of ZSM-5. This phenomenon led to the increase
in perturbation of the hydroxyl groups and extraframework
alumina species. The formation of a fibrous morphology in-
volved a bicontinuous microemulsion based on CTAB. The
ZSM-5 nuclei could bind to the head groups of the cationic
surfactant due to the columbic interaction between the nega-
tively charged ZSM-5 framework and the positively charged
surfactant hydrophilic groups, as observed in the silicate-sur-
factant interaction.” ZSM-5 was probably surrounded by the
surfactant molecules and the microemulsions formed simul-
taneously. A closed structured micelle was produced from the
bicontinous microemulsions due to an increase in water-oil
interface between surfactant layers. This process occurred
simultaneously with the percolation of the micelle spheres
which led to the formation of a dendrimeric template. These
micelle aggregates were interconnected by their water layers
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and the ZSM-5 nuclei underwent crystallization in these water
layers. Eventually, a zeolite with a core-shell structure was
formed, where the core parts were grown from ZSM-5 seeds
and the dendrimeric silica fibers as the shell parts were
grown from hydrolyzed TEOS.

In summary, ZSM-5 with dendrimeric silica fibers was suc-
cessfully prepared by combining the microemulsion template
and the zeolite crystal-seed crystallization methods. FZSM-5
possessed outstanding physicochemical properties, including
a high surface area, a dendrimeric surface morphology, and
abundant strong acid sites. The excellent activity of FZSM-5
in cumene, DIPB and TIPB hydrocracking, as well as in EB
dehydrogenation could be attributed to the high amount and
high accessibility of the active sites and also the high disper-
sion of the metal particle due to the large surface area of the
FZSM-5 type catalyst. Protonation and introduction of Pt into
the FZSM-5 type catalyst further enhanced the catalytic activ-
ity towards cumene hydrocracking and EB dehydrogenation.
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