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Abstract

Bio-oils are promising alternative energy sources replacing to fossil fuels. There are
many possible ways to produce the bio-oils. One possibility for the production of bio-oils
is the catalytic pyrolysis of biomass. Lignin is one of the most abundant components of
a biomass and the major by-product from the paper industry. It is also available in
massive quantities from biomass-to-ethanol processes and other bio-refineries.
However, the produced bio-oils from the lignin compose of a high oxygen content (20-
50 wt%) and acidity (pH=2.5-3), resulting in the poor quality of produced fuels derived
from bio-oils due to low thermal and chemical stabilities, low heating value, high
corrosiveness and immiscibility with hydrocarbon fuels. To improve the quality of fuels
and chemicals derived from bio-oils, the bio-oil has been predominantly performed via
catalytic upgrading processes by one of two following approaches: (i) the
hydrodeoxygenation (HDO); (ii) zeolite-catalyzed processes to remove oxygen
components. Nevertheless, the most important problem is a very short catalyst lifetime,
for example, when zeolites are used as catalysts. This proposal will focus on the
development of novel hierarchical zeolites acting as bifunctional catalysts for the bio-oil
upgrading processes via hydrodeoxygenation (HDO) and esterification. The research
scope of this work is the design of new bifunctional hierarchical zeolites for the catalytic
upgrading of bio-oils to transportation fuels. The efficiency of the fuels would be
improved by catalytic upgrading processes using the novel designed hierarchical
zeolites. Furthermore, the novel synthesis will be optimized in terms of cost, time, and
efficiency for applying in the large-scale synthesis. The development of such bio-fuel
and fine chemical productions from a biomass will deliver the new basic knowledge,
leading to the utilization in the petroleum industry in future for the production of

alternative energies and fine chemicals from biomass.
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Pulsed electroconversion for highly selective
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Asymmetric synthesis of molecules is of crucial importance to obtain pure chiral compounds,
which are of primary interest in many areas including medicine, biotechnology, and chem-
istry. Various methods have been used very successfully to increase the enantiomeric yield of
reaction pathways, but there is still room for the development of alternative highly enan-
tioselective reaction concepts, either as a scientific challenge of tremendous fundamental
significance, or owing to the increasing demand for enantiopure products, e.g., in the phar-
maceutical industry. In this context, we report here a strategy for the synthesis of chiral
compounds, based on pulsed electrochemical conversion. We illustrate the approach with the
stereospecific electroreduction of a prochiral model molecule at chiral mesoporous metal
structures, resulting in an enantiomeric excess of over 90%. This change of paradigm opens
up promising reaction schemes for the straightforward synthesis of high-added-value
molecules.
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olecular chirality is one of the most fascinating topics in
M chemical research due to its imPortance in many areas

such as materials engineering' >, surface science*,
pharmaceuticsg, separation science, and catalysislo. Therefore, the
scientific community has made enormous efforts to obtain
enantiomerically pure compounds, either based on the chiral
pool' 1713, resolution of racemates!® 1%, or asymmetric synth-
esis'®. Among them, enantioselective synthesis has been exten-
sively developed as a controllable process'’™'?, and successfully
achieved via catalysis based on the use of chiral coordination
complexes®” 21, imprinted polymers®> 23, and biocatalysts>* 2°,
However, there are also potential drawbacks, such as too flexible
molecular structures?®, low thermal and chemical stability'8, and
tedious catalyst preparation?’. Furthermore, some of the most
successful strategies are based on homogeneous catalysis with
inherent problems of catalyst separation from the reaction pro-
duct®® 2%, Therefore, heterogeneous reaction schemes may have
significant advantages®® 3!, For electrochemical reactions, elec-
tronic conductors are mandatory and in this context, the devel-
opment of metals with chiral surfaces is an interesting choice to
carry out heterogeneous enantioselective reactions.

Several concepts have been tested in the past such as the
binding of chiral ligands to metal surfaces®?, the adsorption of
chiral molecules on surfaces to produce chiral metals®3, or metal
oxides®® 33, the cutting of high Miller index planes of metal
monocrystals’® %7, and the distortion of symmetrical metal
structures®®. The design and synthesis of chiral metal structures
has been explored for several of them (e.g., Pt, Pd, Ag, Au, Cu,
Rh)**~#, Recently it has been reported that even the bulk of
metals can be imprinted with chiral information*"> *>. Our group
demonstrated that chiral cavities can be generated in mesoporous
platinum, based on the electrochemical reduction of platinum
ions around a self-assembled liquid crystal ghase of non-ionic
surfactant and chiral template molecules*®. These materials
exhibit fascinating properties because they can be used to dis-
criminate the enantiomers of an imprinted chiral molecule and
other chiral molecules with analog structures*®~*%, The reason for
the remarkable chiral recognition can be attributed to the fact that
a large number of chiral cavities are located at the internal surface
of the mesoporous network.

In addition, theses chiral-encoded mesoporous metal surfaces
have also been shown to induce a certain degree of

Conventional
Electrosynthesis

Pulsed
Electrosynthesis

Reaction cycle

<

enantioselectivity during the electrochemical synthesis of man-
delic acid from its prochiral precursor?’, meaning that one of the
possible stereoisomers of the molecule is formed preferentially.
However, the enantiomeric excess is very modest with typical
values in the few percent range. One reason for this low perfor-
mance is that the external surface of the electrode is not
imprinted with chiral information and therefore produces the
final compound in a completely non-stereospecific way. There-
fore, the product is a mixture of enantiomers produced in a quite
selective way inside the mesoporous phase, and a racemate
resulting from the reaction of precursor molecules at the outer
surface. This intrinsically prevents from achieving high values of
enantiomeric excess. A promising way to increase the ratio
between precursor molecules that are transformed inside the
metal matrix and those reacting at the outside is to play with the
competition of transport and reaction kinetics. In this context,
electrochemistry has the unique advantage of allowing a perfectly
time-controlled triggering of the involved redox reactions*’. The
interplay between filling the chiral cavities with precursor mole-
cules by diffusion and intermittently transforming them by
applying an appropriate potential pulse constitutes an efficient
heterogeneous reaction concept which is solely possible with
electrochemistry.

In the present study, we describe an application of this concept
to the highly selective asymmetric synthesis of chiral molecules
based on the pulsed electroconversion of a prochiral molecule
with chiral-imprinted mesoporous metal. This strategy is expec-
ted to avoid almost completely the interference of reactions at
non-imprinted sites. In a proof-of principle synthesis, the two
enantiomers of 1-phenylethanol (PE) are successfully and selec-
tively synthesized via pulsed electroconversion of prochiral acet-
ophenone on chiral-imprinted mesoporous platinum (CIMP).
The degree of enantioselectivity can be tuned by changing the
pulse time and the amount of imprinted chiral cavities.

Results

Concept of enantioselective pulsed electrosynthesis. Conven-
tional steady-state electroreduction of a prochiral molecule on
chiral mesoporous platinum exhibits some enantioselectivity
because the handedness of the product is influenced by the
geometry of the chiral metal cavities?”. However, the interference

Phenylethanol

(S)-Form
Low-selectivity product

(R)-Form

Phenylethanol

&

(R)-Form
High-selectivity product

A
A

Fig. 1 Comparison of conventional and pulsed chiral electrosynthesis. Illustration of the conversion of achiral acetophenone (yellow dots) into (R)- and
(S)-PE (blue and red dots, respectively) by stereoselective addition of hydrogen (green dots) during conventional and pulsed asymmetric electrosynthesis

using chiral-encoded metal electrodes
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Fig. 2 Structural characterization of chiral mesoporous platinum. a, b Scanning electron microscopy images of cross sections of mesoporous metal films
obtained for injected charge densities of 2 and 8 C cm™2. Scale bar 10 pm. The inset in a is a TEM image of such a mesoprous structure with a scale bar of
20 nm. ¢ Relationship between film thickness and the deposited charged density. d Cyclic voltammograms of flat platinum (red) and a chiral-imprinted
mesoporous platinum film obtained by injecting a charge density of 8 C cm™2 (blue) recorded in 0.5 M H,S0,4 at 100 mV s™'. H, (hydrogen adsorption) and

Hg (hydrogen desorption)

of concomitant reactions at non-imprinted metal located at the
external electrode surface cannot be prevented and therefore leads
to a decrease in overall stereoselectivity. Thus, in order to enhance
the enantioselectivity, the major issue is to suppress such inter-
ferences. For this, we propose a concept allowing to improve the
degree of enantioselectivity by using pulsed electrosynthesis. The
differences between conventional and pulsed electroconversion of
a prochiral starting molecule are illustrated in Fig. 1.

In the case of conventional electrosynthesis, carried out under
steady-state conditions (i.e., constant applied potential), the
achiral molecules (in this example acetophenone, symbolized by
yellow dots) can combine with hydrogen (green dots) both, inside
the chiral cavities and at the outermost surface of the electrode,
resulting in low excess of either (R)- or (S)-PE (blue and red dots,
respectively) as a function of the imprinted enantiomer. In strong
contrast to this, pulsed electroconversion can lead to a very
significant increase of the enantioselective properties based on the
following mechanism. When no potential is applied, the prochiral
educts diffuse into the mesopores and adsorb in the chiral cavities
that are decorating the pore walls. Once the host matrix is filled, a
potential pulse of appropriate amplitude and duration is applied
to reduce the adsorbed precursor molecules in an enantioselective
way. During the subsequent relaxation period at open circuit, the
formed products can leave the matrix and, simultaneously, fresh
precursor can enter the mesopores. Then the potential pulse is
applied again. Repeating this cycle many times will lead to the
gradual accumulation of the preferentially formed enantiomer in
the bulk solution.

NATURE COMMUNICATIONS | 8:2087

Obviously, during each potential pulse precursor molecules can
also be reduced at the non-selective outer electrode surface.
However, the quantity of converted molecules at the outer surface
is much smaller because the internal surface area of mesoporous
metals is typically two to three orders of magnitude higher
compared to the external surface area®®. This means that,
depending on the pulse duration, the interference of electro-
reduction at the external surface can be almost completely
suppressed, and results in the highly selective production of one
enantiomer with respect to the other.

Synthesis of chiral-encoded mesoporous platinum surfaces.
Chiral-encoded mesoporous platinum has been synthesized
analog to previous reports*®=*8, In brief, the hexagonal (H;)
structure of a lyotropic liquid crystal, obtained by the self-
assembly of the surfactant Brij 56, has been used as a template to
control the mesoporous structure of the metal®®. The interaction
between the hydrophilic outer part of the surfactant columns and
the OH groups of the chiral template leads to an oriented geo-
metry of chiral cavities when metal is grown around these
supramolecular structures*®. Several template molecules have
been successfully used for controlling the shape of the chiral
imprint, such as DOPA (3,4-dihydroxyphenylalanine)*®, man-
delic acid®’, and PE (this work). CIMP films with different
thickness have been prepared on gold-coated glass slides for the
subsequent use as working electrodes in the experiments of
pulsed electroconversion of the prochiral molecule (Fig. 2a, b).
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Fig. 3 Electrochemical characterization of enantioselectivity. Differential pulse voltammetry (DPV) in 4 mM (R)-PE (blue), and (S)-PE (red), using 0.2 M
KNOs as supporting electrolyte with a a CIMP electrode imprinted with (R)-PE, b a CIMP electrode imprinted with (S)-PE, ¢ a non-imprinted mesoporous
platinum electrode. All electrodes were prepared using a deposition charge density of 2 Ccm™ and a PE/PtClg2™ weight ratio of 0.05 for the imprinted
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Fig. 4 Enantioselective synthesis steps. Illustration of the electrosynthesis of (S)-phenylethanol from acetophenone based on its adsorption in chiral-
imprinted cavities of the mesoporous metal, followed by its stereoselective reduction and desorption

The morphology and the dimensions were uniform and similar to
what has been described in previous reports*® #7. The meso-
porosity is clearly visible when performing transmission electron
microscopy (see inset of Fig. 2a). The film thickness is propor-
tional to the injected charge density (Fig. 2c) and various thick-
nesses were used for tuning the enantioselectivity, because a more
pronounced selectivity can be observed when increasing the film
thickness*®.

To characterize the active surface area related to the
mesoporous feature, cyclic voltammetry of the porous platinum
electrodes in 0.5 M of H,SO4 was used (Fig. 2d and Supplemen-
tary Figure 1). The peaks between —0.20 and 0.20V can be
attributed to the hydrogen adsorption and desorption, whereas
the oxidation of Pt and the reduction of PtO,, occur at about 0.7
and 0.5V, respectively. The significant enhancement of active
surface area of a porous platinum film (blue) compared with flat
platinum (red) is translated into a roughness factor of 33.4. No
additional increase in active surface area is observed when
comparing a chiral-imprinted and a non-imprinted mesoporous
electrode (Supplementary Figure 1). This indicates that the high
surface area is essentially due to the mesoporosity and not to the
chiral cavities.

In order to verify the enantioselective properties of the so-
obtained surfaces, the recognition of 1-PE via electrooxidation
was monitored using differential pulse voltammetry as shown in
Fig. 3a—c. The explored potential window has been limited on the
positive side to +0.6 V in order to avoid interference with the
oxidation of platinum. When comparing the different records, a
more pronounced signal for (R)-PE with respect to (S)-PE can be
observed in the case of chiral mesoporous platinum imprinted by
(R)-PE (Fig. 3a). In contrast, the electrode imprinted by the
opposite enantiomer exhibits a higher amplitude for (S)-PE with
respect to (R)-PE (Fig. 3b). It is necessary to confirm that the
different signals for the two enantiomers are not artifacts; in

4 NATURE COMMUNICATIONS | 8:2087

particular they might be due to chiral template molecules
remaining inside the metal after the imprinting. Therefore, the
removal of the template molecules was monitored by measuring
the amount of chiral molecules leaving the metal phase as a
function of rinsing time using UV-Vis spectroscopy (see
Supplementary Figure 2). It clearly demonstrates that no more
template molecules are leaving the cavities after sufficient rinsing.
As expected, no enantioselective discrimination properties are
revealed for non-imprinted mesoporous platinum (Fig. 3c),
meaning that no chiral information is encoded without using a
chiral template molecule in the preparation mixture. These
observations confirm that CIMP can be successfully prepared
using this general approach with various types of a chiral
templates and the so-obtained host matrix exhibits intrinsic chiral
properties even after removable of the chiral template.

Pulsed enantioselective synthesis of chiral phenylethanol. The
enantioselective synthesis of PE from acetophenone has been
chosen as a model system because it is an interesting compound
in bio-oil in which ketones are present in a large portion
(27 wt%)>!. Acetophenone is a very simple aromatic ketone, and
therefore well-suited for first proof-of-principle studies, which
then might be extended to other, more complex, ketones®* >3, In
addition, the conversion of this compound into a pure enantio-
mer of 1-PE as an important chiral building block in pharma-
ceutical industries can be considered as a representative example
for the production of high-added-value products. The molecule is
going to adsorb inside the chiral cavities present in the meso-
porous structure and this will direct the synthesis preferentially
towards one of the two enantiomers of phenylethanol, depending
on which one has been imprinted (Fig. 4). After the reduction is
accomplished, the product is desorbed and the cavity is again
available for the transformation of further molecules.
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In order to test the described concept and optimize the
different electrosynthesis parameters, such as the reduction
potential, the thickness of the Pt film and the amount of
imprinted chiral sites, the conventional steady-state electroreduc-
tion of acetophenone was first studied. To prevent the reduction
of protons at too negative potentials, the potential has been fixed
in the range of —0.40 to —0.50 V, because the carbonyl function of
acetophenone starts to reduce at these potentials (see Supple-
mentary Figure 3). Supplementary Table 1 summarizes the
relationship between the enantiomeric excess and the reduction
potential, the amount of chiral template, and the metal layer
thickness. A more positive reduction potential can allow a slight
increase of enantiomeric excess (Entries 1 and 2 in Supplemen-
tary Table 1). Increasing the weight ratio of chiral template to
PtCls?~ from 0.05 to 0.15, improves the enantiomeric excess by a
factor of about two (Entries 2—4 in Supplementary Table 1). A
similar tendency can also be observed when using electrodes
imprinted with the opposite enantiomer (Entries 5 and 6 in
Supplementary Table 1). This confirms the presence of a
pronounced chiral character of the metal surfaces, able to
promote the transformation of a prochiral molecule into a chiral
compound. As stated above, the degree of enantioselectivity is
correlated with the thickness of the porous metal layer. Entries 5
and 6 in Supplementary Table 1 indicate a significant improve-
ment of enantiomeric excess when increasing the amount of
deposited metal. From these preliminary optimization experi-
ments it is possible to identify as the best conditions for a
maximized enantiomeric excess a reduction potential of —0.45V,
a PE enantiomer/PtCls>~ weight ratio of 0.15, and a metal
deposition charge density of 8 Ccm™.

These conditions were maintained identical for studying the
impact of a pulsed driving force on enantioselectivity. As can be
seen in Fig. 5a, pulsing the potential has a tremendous impact of
the experimental outcome. The high-performance liquid chro-
matography (HPLC) records obtained with a chiral stationary
phase column, which have been normalized with respect to the
concentration of (S)-PE, clearly show that the electroreduction of
acetophenone on chiral mesoporous platinum imprinted with
(S)-PE produces (S)-PE with extremely high selectivity for the
shortest pulses. This tendency is quantitatively summarized in
Fig. 5b. For long pulses, the unspecific contribution from the
acetophenone reduction at the non-chiral outer electrode surface
has a strong influence and consequently leads to modest
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enantiomeric excess. However, at a very short pulse time (2s)
the %ee is clearly dominated by the conversion occurring almost
exclusively inside the mesoporous matrix, owing to its large
internal surface area when compared with the area of the non-
imprinted outer surface. In this extreme case it reaches values
slightly above 90%. In all cases, the relaxation time has been
chosen long enough (120s) to allow the product to leave the
metal phase by diffusion and to refill it with fresh prochiral
precursor before applying again the potential. This relaxation
period has been overestimated on purpose to be on the safe side,
and might be easily decreased by an order of magnitude when
considering classic diffusion constants. This strategy leads to an
almost complete suppression of the non-selective reaction at the
external surface.

This effect can be understood by analyzing more closely the
chronoamperometric curves obtained during such potential
pulses (Supplementary Figure 4). The experiment consists of
recording a chronoamperogram with an imprinted electrode
when the potential is applied immediately after immersing it in a
solution containing acetophenone. In this case acetophenone is
not present in the mesopores and only reacts at the outer surface
producing I, as a current (Supplementary Figure 4a, red curve).
In a second experiment, the same electrode is allowed to
equilibrate with the solution before applying the potential.
Therefore, acetophenone will be present also in the mesoporous
phase and lead to a current enhancement measured as Iougim
(Supplementary Figure 4a, blue curve). Plotting the ratio between
these two currents (Ign+oun/Iiour) gives a good indication of the
relative contribution of the conversion of molecules inside the
porous phase compared with the global amount of reacting
molecules (Supplementary Figure 4b). It becomes evident that for
rather short times (<2s) the current is strongly influenced by
molecules reacting inside the pores in a chiral environment,
whereas for longer time intervals the overall current is mostly
owing to molecules converted at the outer surface, which can be
more easily resupplied by diffusion, but react in a non-
enantioselective way. This leads to a decrease of %ee when
increasing the pulse duration. These measurements demonstrate
that the characteristic time scale of diffusion from the outside into
the pores is much longer than that for the electron transfer rate
inside the pores. A pulse time of 2 s seems therefore to be close to
optimal, because for shorter pulses not all the molecules in the
pores are converted, so the yield is lower, whereas for longer pulse
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Fig. 6 Monitoring of enantioselectivity as a function of imprinted
enantiomer. HPLC chromatograms of the electrosynthesis products
obtained by an electrode imprinted with (S)-PE (red) and an electrode
imprinted with (R)-PE (blue) (PE/PtClg2™ weight ratio of 0.15). The
respective signals are compared with a racemate of PE that is obtained by
electrosynthesis with an electrode imprinted with racemic PE (black). Peaks
at retention times of 14.4 and 15.3 min belong to (R)-PE and (S)-PE,
respectively

times the outer electrode surface starts to interfere more and
more and lowers the enantiomeric excess.

An opposite selectivity is observed when using electrodes
imprinted with (R)-PE (pulse time of 10s). The (R)-PE peak area
is much higher than the (S)-PE peak (Fig. 6 and Supplementary
Table 2). In addition, the enantiomeric excess obtained by using
the electrodes imprinted with different chiral configurations was
also confirmed by the results of circular dichroism measurements
(Supplementary Figure 5) of the product solutions. Opposite
signals in the circular dichroism spectra were obtained for
electrodes imprinted with different enantiomers. The %ee values
for electrodes imprinted with opposite enantiomers are in good
agreement (+60.4 and —66.9% for imprinting with (R)-PE and
(S)-PE, respectively), indicating the reproducibility of the
electrodes.

One important aspect of heterogeneous reactions is the
reusability of the active surface. We therefore studied the stability
of the retained chiral information by measuring the degree of
enantioselectivity of one and the same imprinted electrode in
three consecutive experiments (Supplementary Figure 6 and
Supplementary Table 3). The enantioselectivity is decreasing, but
even after the third run %ee values are still very significant (about
40%). Obviously, such a decrease should be kept at a minimum
and might be due to a rearrangement of the chiral cavities as a
consequence of the surface mobility of the metal atoms. One
possibility to stabilize the structural chiral information might be
to perform the synthesis at lower temperatures.

Theoretically, the amount of generated chiral metal cavities
should correlate with the content of chiral template molecule in
the plating mixture. Therefore, we also examined the enantios-
electivity as a function of the weight ratio of chiral template/
PtCls>". It was found that the %ee dramatically improves from
12.0 to 66.9 % when increasing the chiral template to platinum
ratio from 0.05 to 0.15 for a 10s pulse time (Supplementary
Figure 7a,b). However, the %ee starts to decrease when using a
too high amount of chiral template. This may be explained by the
fact that the self-assembly of the lyotropic liquid crystal phase is
disturbed in the presence of too much chiral template, thus
preventing the formation of the mesopores. Such a morphological
change of the supramolecular template leads to less efficient
imprinting of chiral information.
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Discussion

Highly stereoselective reduction of acetophenone with CIMP
electrodes has been successfully achieved based on potential
pulsed electrolysis. In conventional electrosynthesis a constant
potential is applied to the working electrode. This leads to a
steady-state conversion of molecules preferentially at the outer
electrode surface, because diffusion into the mesopores is rather
slow. As all parts of the platinum film are used as working
electrode, but the chiral character is only present inside the
mesopores, and not at the outer surface, the obtained enantio-
meric excess is dominated by the unspecific reaction path. This
eventually leads to almost a racemate even though selectivity can
be slightly increased by changing the amount of chiral template in
the plating mixture, the porous metal film thickness, and the
reduction potential.

In order to circumvent this problem of modest stereoselectivity
it is necessary to play with the competition between molecular
transport efficiency into the enantioselective mesopores and
reaction kinetics at the non-selective outer surface. The main
strategy of this work has been to use repeatedly short potential
pulses alternating with relaxation periods at open circuit. During
the relaxation period the mesoporous matrix is filled with pro-
chiral starting molecules by diffusion, which adsorb in the metal
cavities bearing the chiral information. Application of a potential
pulse leads to the conversion of these molecules inside the
mesopores, but also of molecules at the external surface.
The relative contribution of these two populations is tunable by
the pulse length. To confirm this hypothesis, electroreduction
experiments were carried out with varying pulse times. For long
pulses the molecules in the matrix are converted immediately, but
then cannot be resupplied efficiently enough during the
remaining time of the pulse. For short pulses the situation is
opposite, because the quantity of molecules stored and converted
in the mesopores is much higher due to the very high internal
surface area. Once this conversion has taken place, the potential is
switched off so that the contribution of the much smaller outer
surface area is almost negligible.

Interestingly, theses electrodes can be reused for several inde-
pendent experiments and still show significant enantioselectivity.
This demonstrates that the observed chiral features don’t origi-
nate from chiral template molecules left over in the porous
structure after the initial metal electrodeposition step. Optimi-
zation of all different parameters finally allows reaching a %ee of
over 90 %, which is extremely high for such a heterogeneous
reaction scheme and starts to be competitive with respect to more
classic approaches. However, the global conversion yield for a
given reaction time is still modest (Supplementary Figure 8)
owing to the exagerated relaxation time, but this can be further
optimized in forthcoming studies. It is also important to mention
that no significant quantities of side products, for example, owing
to dimerization, seem to be formed as can be judged from HPLC
analysis (Supplementary Figure 9). Thus, this opens up interest-
ing perspectives in the frame of the development of selective
chiral synthesis strategies for high-added-value products, one of
the key challenges in modern organic chemistry.

Methods

Chemicals. Hexachloroplatinic acid hydrate (H,PtCls. xH,0), polyoxyethylene
(10) cetyl ether (Brij 56) together with (R)- and (S)-phenylethanol (PE) and MilliQ
water were used to prepare the liquid crystal plating mixtures. Acetophenone was
used as the prochiral reactant. Ammonium chloride was used as a supporting
electrolyte. All chemicals were purchased from Sigma-Aldrich and used without
further purification.

Synthesis and characterization of CIMP. CIMP was prepared following a
modified literature procedure46. Gold-coated glass slides (1 cm?) were used as
substrates and PE enantiomer was used as a chiral template molecule. The liquid
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crystal mixture composed of 42 wt% of non-ionic surfactant (Brij 56), 29 wt% of
chloroplatinic acid, 29 wt% of MiliQ water and the calculated amount of the chiral
template molecule, was mixed until becoming completely homogeneous. The
obtained, very viscous, paste was then placed as a several millimeter thick layer on a
cleaned gold-coated glass slide. After insertion of a reference (Ag/AgCl) and
counter electrode (platinum grid) in the liquid crystal paste, platinum was
deposited at a constant potential of —0.1 V while measuring and integrating the
current. Depending on the desired final thickness of the mesoporous metal layer,
the injected charge densities have been varied from 2 to 8 C.cm™2. Subsequently, in
order to remove the template molecules (surfactant and enantiomer), the electrodes
were rinsed and soaked in MilliQ water for 24 h. Series of UV-Vis spectra of the
different washing solutions were recorded to monitor the template removal as a
function of rinsing time (Supplementary Figure 2).

The surface morphology and the thickness of the Pt film was characterized with
a Hitachi TM-1000 tabletop electron microscope. The mesoporous nature of the
deposit was studied by transmission electron microscopy (JEOL JEM-2010). In
order to perform these TEM measurements, the platinum covered Au-coated glass
slides were immersed in an aqueous solution of 4 wt% KI and 1 wt% I, for ~20 min
so that the underlying Au layer gets etched away. The mesoporous platinum film
was then carefully detached from the electrode by slow immersion of the sample
into DI water. The obtained floating film was finally transferred onto a TEM grid.

The electroactive surface area of CIMP was calculated from the integral of the
hydrogen adsorption and desorption peaks obtained from the cyclic
voltammograms of the Pt electrodes in 0.5 M H,SO, recorded at a scan rate of 100
mVs~! in the range from —0.25 to 1.25 V. The real surface area of Pt was estimated
based on a calibration factor of 210 mC.cm™2%,

Pulsed electroconversion of acetophenone on CIMP. In order to optimize the
experimental parameters, including the reduction potential, the amount of chiral
template used in the plating mixture, and the thickness of the platinum film,
conventional steady-state electrochemical reduction of acetophenone on CIMP was
performed with potentials ranging from —0.40 to —0.50 V for 13 h in a stirred
aqueous solution of 10 mM acetophenone and 1 M ammonium chloride as sup-
porting electrolyte. Before starting the reaction, the system was kept for 30 min in
the mixture to let the solution diffuse inside the porous network. All experiments
were carried out using an Autolab PGSTAT204 equipped with Ag/AgCl (sat. KCI),
a Pt mesh, and CIMP as reference, counter, and working electrodes, respectively.

In the case of pulsed electrochemical reduction, the applied potential was —0.45
V with pulse times varying from 2 to 60 s. The relaxation time was kept constant at
120 s after each voltage pulse.

Finally, the products were extracted using heptane as solvent and the organic
solution was analyzed by HPLC. HPLC was performed on a Shimadzu LC-
2030C3D equipped with a chiral HPLC column (CHIRALPAK IB, 250 x 4.6 mm
inner diameter) using a mobile phase containing 95% heptane/5% i-propanol at a
flow rate of 0.5 ml min~! and an optical detection at 215 nm. The integrated peak
area was measured using Lab Solution software. To calculate the total conversion of
acetophenone into product, a calibration curve of product was recorded
(Supplementary Figure 8). To further confirm the enantiomeric excess, circular
dichroism spectroscopy was performed on a Jasco J-815 spectrometer and circular
dichroism spectra were recorded at a scan rate of 50 nm min~! (Supplementary
Figure 5).

Data availability. All relevant data that support the current findings and which are
not included in the main manuscript or the Supplementary Information are
available from the corresponding authors on request.
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The superior catalytic performance of amine-grafted hierarchical
basic FAU-type zeolite nanosheets for the aldol condensation of 5-
hydroxymethylfurfural (5-HMF) and acetone (Ac) has been achieved
due to the synergistic effect of hierarchical structures, featuring
basic active sites together with surface modification. This results in
an unprecedented yield of 4-[5-(hydroxymethyl)furan-2-yl]but-3-
en-2-one (HMB) close to 100%. The catalytic activity can be easily
tuned by changing the degree of basicity corresponding to the
nature of basic sites and surface modification.

The conversion of renewable feedstocks to chemicals is one of the
most fascinating research topics, especially in catalysis." Aldol
condensation is a well-known reaction forming a carbon-carbon
bond between two aldehyde/ketone molecules. To combine this
reaction together with biomass-derived platform molecules, the
direct condensation of 5-hydroxymethylfurfural (5-HMF) with
acetone (Ac), which is also available from renewable biomass via
fermentation, is proposed to be a promising approach to increase
the number of the carbon chain length (from C, to C;5) of
biomass precursors in order to obtain biofuels.>”?
Base-catalysed aldol condensation is a typical reaction
generating an enolate intermediate, which is subsequently trans-
formed to a C-C condensation product.* However, there are draw-
backs with homogeneous mineral base catalysts as they cannot
undergo the reaction because of the formation of an alkoxide ion
and they are very difficult to recover from the reaction mixtures.’
Therefore, heterogeneous solid catalysts have significant advantages;
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however, they often suffer from rapid catalyst deactivation when
using solid bases due to the presence of acids,® which have a large
portion of fermented biomass, for example, acetic acid." To over-
come these limitations, the development of alternative highly
efficient solid-base catalysts is still a great challenge.”

The application of zeolites as heterogeneous base catalysts
has been attracting tremendous interest over the past few
decades due to their outstanding selectivity in fine-chemistry
related reactions,® simplified process, and waste treatment.
Moreover, their moderate basicity made them more attractive in
aldol-type condensation, while stronger bases (e.g., NaOH, MgO)
promote the formation of undesired side-products.” ™

Since this type of reaction always deals with bulky mole-
cules, aluminum-rich FAU-type zeolites have been considered
as one of the most suitable candidates. Although there are
many advantages, such as shape selectivity to bulky reactants
and high ion exchange capacity due to their large pores and
low Si/Al ratio,'* conventional FAU zeolites often suffer from
diffusion limitation of their sole microporous structures.'®'?
Therefore, hierarchical zeolite nanosheets have become more
interesting for the aldol condensation of bulky molecules."**°
Recently, our group demonstrated that the hierarchical acid
zeolite nanosheets exhibit superior performances in various
catalytic reactions dealing with bulky molecules, such as alkyla-
tion and aromatization of hydrocarbons."”*® However, a very
limited number of studies regarding the catalytic behavior of
hierarchical base zeolite nanosheets have been reported,'” and
in particular, such catalysts have not yet been demonstrated for
the aldol-type condensation involving bulky reactants.

Surface modification is also an alternative way to fine-tune
the surface properties of catalysts. To further increase the
efficiency of basic zeolite, amine functionalized surfaces can
enhance the basicity of catalysts. In this work, we present the
benefits of hierarchical FAU-type zeolite nanosheets featuring
basic sites, which are obtained by ion-exchange with various
alkaline metals together with amine-grafted surface modifica-
tion for potential application of the aldol condensation of
5-HMF and Ac. The synergistic effects of hierarchical porosity,
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Fig. 1 Illustration showing (A) the amine-grafted surface modification of
FAU nanosheets featuring ion-exchanged basic sites to promote the
selective production of HMB via the aldol condensation of 5-HMF and
Ac, (B) the non-selective reaction over unmodified zeolite surfaces.

the basicity of various alkaline metals and amine surface
modification on catalytic performances in terms of the catalytic
activity, desired product selectivity, and coke resistance of a
nanosheet zeolite were also demonstrated.

Fig. 1A presents the selective production of HMB as confirmed
by the mass spectra (see Fig. S1, ESIT) via the aldol condensation
of 5-HMF and Ac over amine-grafted surfaces of FAU nanosheets
featuring ion-exchange basic sites. The amine modified surfaces
not only promote the basic sites for the reaction but also weaken
the adsorption of HMB, resulting in suppression of dimerization
as a side reaction (Fig. 1). In strong contrast to this, unmodified
zeolite surfaces facilitate the dimerization of products, eventually
leading to a low selectivity of HMB (Fig. 1B). The production
pathway of HMB is described by the base-catalysed mechanisms
as illustrated in Fig. S2 (ESIt). The enolate adduct can be formed
and then converted to o,B-unsaturated carbonyl compounds.

To provide high ion-exchange capacity of catalysts, hierarchical
X-type zeolite nanosheets after complete removal of the organo-
silane template (see Fig. S3, ESIt) have been used because they
have high aluminum content. In this case, various alkaline active
sites (Na, Ca and Ba) have been successfully prepared with a high
ion exchange degree (%IED) (~95%, see Table S1, ESIt). In
addition, the catalyst surfaces were modified by amine grafting
of 3-aminopropyltriethoxysilane (APTES) in an ethanol solution at
room temperature. All prepared zeolite X samples maintain their
FAU structures (black pattern in Fig. 2A) without any competing
crystalline impurity (e.g., GIS as shown in the red pattern) together
with the same Si/Al ratio (1.3-1.4) even after several repeated
ion exchange and amino grafting processes (see Table S1, ESIT).
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Fig. 2 Characterization of zeolite catalysts featuring basic sites including
(A) XRD patterns of various hierarchical basic zeolite nanosheets; NaX
(purple), amine grafted NaX (NaX-NH,, pink), CaX (blue) and BaX (green)
together with standard XRD of FAU (black) and GIS (red) structures, SEM
images of (B) conventional NaX and (C) hierarchical NaX nanosheets,
(D-G) EDS elemental mapping of ion-exchanged hierarchical nanosheets
and (H) the TEM image of hierarchical NaX nanosheets.

However, the ratio of the diffraction peak intensities was
significantly changed in the case of the zeolite exchanged with
larger cations. The reason for this phenomenon might be
explained by the lower X-ray adsorption coefficient of large
cations.”® For instance, the sample obtained by ion exchange
with Ba exhibits weaker peak intensities and the disappearance
of diffraction peaks at 20 of 10, 15, 20° was observed, while
some intense peaks at 20 of 12, 14, 24° appeared instead. This
relates to the fact that the structural distortion of the zeolite
framework occurs due to the strong interaction of the larger
cations and oxygen atoms in the framework.*!

Compared with the conventional zeolite, the morphologies
of the ion-exchanged hierarchical nanosheets were obviously
different (Fig. 2B and C) and similar to those demonstrated
in the previous report.’” The elemental mapping revealed a very
uniform distribution of the alkaline cations in the zeolite
framework (Fig. 2D-G). The existence of amine groups on the
surface of catalysts was also confirmed by ATR-FTIR and *C
NMR spectroscopy (see details in the ESIt and Fig. S4). The
intracrystalline mesopores were also found in the nanosheet
structure as can be seen in Fig. 2H.

This journal is © The Royal Society of Chemistry 2017
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The physicochemical properties of catalysts were measured
using N, sorption measurements. The isotherms of all conven-
tional zeolites (Fig. S5A, ESIt) exhibit adsorption only at a
relatively low pressure (P/P, < 0.2) with a long horizontal
plateau due to micropore filling, corresponding to the type-I
isotherm, confirming the microporous characteristic. On the
other hand, all hierarchical nanosheet catalysts (Fig. S5B, ESIt)
exhibit adsorption at a relatively low pressure together with a
hysteresis loop at P/P, ~ 0.45 due to capillary condensation in
the mesopores, which is characteristic of the mesoporous struc-
ture. The combination of type-I and IV isotherms observed in the
nanosheet catalysts confirms the hierarchical porous structure
of catalysts. The hierarchical zeolite exchanged with Ca cations
slightly alters the physicochemical properties compared with the
NaX nanosheet (Table S2, ESIT). In contrast, the zeolite samples
exchanged with the Ba cation and the amine-grafted zeolite
could eventually lead to a significant reduction of the specific
surface area and pore volume (about 30% and 25% decrease
compared with the NaX nanosheet for BaX-NS and NaX-NS-NH,,
respectively). The reason for this decrease in the surface area and
pore volume of the Ba-exchanged zeolite related to the fact that
Ba obstructs the accessible pore windows due to its large size
and also occupies the zeolite pore. In the case of amine-grafted
zeolite, the large number of amine-grafted moieties at the zeolite
pore mouth also restricts the accessible site of the zeolite pores,
resulting in the blockage of zeolite openings.

CO,-TPD was used to determine the basicity of catalysts.
Theoretically, the basic strength of ion-exchanged zeolite could be
related to the electrostatic potential of alkaline metal cations in the
zeolite framework.>> From the CO,-TPD profiles (Fig. 6, ESIY), it
was observed that all catalysts are composed of two distinct peaks
centered at ~170 °C and ~ 320 °C. These results indicate that the
basic strength of all exchanged zeolites is nearly similar. The
number of accessible basic sites was increased noticeably from
alkali cations (NaX) to alkaline earth cations (CaX) and decreased
upon increasing the cation size (Ca>* to Ba>") (see Table S2, ESIt).
This may be explained by the fact that large alkaline cations
preferentially occupied the inaccessible sites or they formed
reduced metal clustered species.>*>* Therefore, it becomes evident
that the degree of basicity of the exchanged zeolite can be simply
tuned depending on the type of alkaline cations.

To demonstrate the catalytic performance, in this study the
direct condensation of 5-HMF and Ac was carried out using a
batch-type reactor at 130 °C. Typically, HMB and 4-hydroxy-4-
methyl-2-pentanone (HMP) were formed as the desired and
self-condensation products, respectively. For comparison with
modified catalysts, the conventional NaX (CON-NaX) was used
as the reference sample and the catalytic data are shown in
Table S3 (ESIt). As expected, the desired product (HMB) was
significantly reduced at a longer reaction time (from 100% at
6 h to 86.47% at 48 h, entries 1-4). Interestingly, the catalytic
activity also changes depending on the type of alkaline cation.
For example, in the case of a conventional alkaline exchange
catalyst, the yield of HMB significantly increases from 29.32%
to 38.05% when conventional CaX is used instead of NaX
(Fig. 3A). However, the activity decreases when the alkaline

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Catalytic activity of conventional zeolite and hierarchical zeolite
nanosheets to demonstrate; (A) the accessibility of molecules to basic
sites of alkaline exchanged zeolites and (B) comparison with various solid
base catalysts.

earth metal size is increased. The yield of HMB was 28.84% in
the case of the conventional BaX. This makes it clear that the
catalytic activity towards HMB is directly related to the degree
of basicity of the exchanged zeolite.

To further confirm the beneficial effect of hierarchical
structures, the catalytic performances of conventional and
hierarchical zeolite X nanosheets with various alkaline cations
were compared (Fig. 3A). As expected, a significantly higher
yield of HMB was observed in all cases of hierarchical zeolites.
Although the yield of HMB as a function of the degree of basicity
over nanosheet samples was also observed with a similar tendency,
the effect of the type of alkaline cation is much less pronounced
compared with that of the conventional one. The moderate
yield of HMB was approximately 50% in all cases. It is reason-
able to assume that the hierarchical structure benefits the
increase of the accessible ability of large guest species.

In addition, the recyclability of the catalysts was examined
by performing several cycles of the reaction. After the comple-
tion of each reaction cycle, the catalysts were regenerated by
calcination to remove the deposited cokes before being reused
in the next cycle. The O,-TPO profiles of such cokes indicated
that the deactivation process of conventional zeolite was not
the same as that of the nanosheet one (see details in the ESIT
and Fig. S7). The catalytic activity of the regenerated nanosheet
and conventional catalysts was unaffected after two or three
reaction cycles exhibiting almost constant conversion of 5-HMF
and desired product selectivity (Table S3, ESIt). Moreover, the
reproducibility of these catalytic results was also demonstrated
again. These results clearly confirm the comparable stability of
the conventional and nanosheet structures of the catalysts.

Interestingly, the amine-grafted zeolites exhibited a drama-
tically high conversion of 5-HMF (91.74%) as shown in Fig. 3B.
This makes it clear that such amine functionalized surfaces can
be considered as additional basic sites. In addition, not only an
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improved activity but also a significantly higher selectivity of
HMB was observed (89.67 and 97.81% for NaX-NS, NaX-NS-NH,,
respectively). In strong contrast to this, amine-grafted silica
(Si0,-NH,) showed a very low conversion of only 15.69%, and
it is related to a very low external surface area of the support,
eventually resulting in a low number of active basic sites (see
Table S2, ESIT). Therefore, the hierarchical structure of the NaX
zeolite can provide a large portion of additional basic sites
compared to amorphous silica.

To verify the effect of amine-grafted surface modification on
the catalytic selectivity towards HMB, DFT calculations were
performed to investigate the interaction between the product
(HMB) and catalytic sites as shown in Fig. S8 (ESIt) for optimized
structures of HMB on unmodified surfaces (Fig. S8B, ESI{) and
the amine-grafted zeolite X (Fig. S8C, ESIt) (see details in the
ESIt and Fig. S8 and S$9). It was found that in the case of
unmodified NaX, the HMB molecule can be adsorbed on active
sites via interaction between the oxygen of HMB (Oyp) and the
alkaline sites (Na') with a distance of 2.44 A, providing a
calculated adsorption energy of —21.1 kcal mol . In contrast,
the adsorption energy of HMB on the amine-grafted surfaces was
6 kcal mol " lower than that of the unmodified NaX via inter-
actions between the oxygen of HMB (Oymg) and the amine
functional group. It is therefore reasonable to assume that the
HMB product on amine grafted zeolite X can be somewhat easily
desorbed compared with the unmodified system, resulting in
suppression of the formation of dimeric by-products. This is
consistent with the view that the HMB selectivity increases after
the modification of surfaces with aminosilane molecules.

In summary, the superior catalytic performance in aldol
condensation of 5-HMF and Ac has been reported using
amine-grafted basic FAU-type zeolite nanosheets for the first
time. The synergistic effect of hierarchical structures, featuring
basic active sites together with surface modification results in
an increase in the catalytic performances due to the following
factors: (i) hierarchical structures can improve the accessibility
of bulky molecules to catalytically basic sites, especially in the
case of large cationic sizes; (ii) the catalytic activity can be easily
tuned by changing the degree of basicity of accessible basic
active sites; (iii) the introduction of basicity by amine-grafted
surfaces provides exceptional catalytic activity and HMB selec-
tivity due to the additional basic sites and the weakening of the
interaction of HMB and the zeolite surface. This example opens
up very interesting perspectives for the development of surface
modified hierarchical zeolite nanosheets for applications
regarding conversion of bulky biomass feedstocks to biofuels/
chemicals.
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Chiral metals as electrodes
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Chirality is one of the most fascinating issues in chemical
researches. In this review, the development of chiral metals is
summarized from the past to the present. Several very recent
concepts for generating chiral metals, such as the design of
chiral imprinted cavities at mesoporous metal surfaces, are
also presented. The application of chiral metals as electrodes
in the enantioselective recognition and asymmetric synthesis of
chiral compounds reveals that these designer surfaces open up
potential perspectives for the development of new materials for
chiral technologies.
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Introduction

The introduction of chiral features on solid surfaces has
become an important research issue and has seen some
original evolutions in recent years because such surfaces
might be used in many applications ranging from pharma-
ceutics [1] and catalysis [2] to sensing [3] and separation
science [4]. Over the past decades, the chirality on solid
surfaces has been extensively studied due to the benefits
of surface properties compared with homogenecous chi-
ral systems. To date, the synthesis of chiral solid surfaces
has been achieved by several approaches, including gen-
erating an intrinsically chiral surface on a crystal, the ad-
sorption of molecules on a surface or the elaboration of
polymeric chiral interfaces based on surface-grafting and
molecular imprinting [5-9]. Among them, metals with chi-
ral features have become increasingly popular due to the
versatile surface modification of metals and limitations of
other materials, such as too flexible molecular structures
[10], and low thermal and/or chemical stability [11°].
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In the past, the development of chiral metal surfaces has
mostly been focused on the design of chiral surfaces by
the adsorption of chiral molecules on achiral metal sur-
faces [12°,13°°]. However, this strategy sometimes suf-
fers from disadvantages, such as losing chirality due to the
leaching of adsorbed molecules [14°]. An alternative way
to overcome these problems is the design of intrinsically
chiral metal surfaces, which can be achieved by cleaving
of metal crystals [15°°~17°°]. In this review, we present
a brief overview of the development of chiral metal sur-
faces and phases. In particular, the concepts of imprint-
ing metal surfaces with chiral molecules, allowing to retain
geometric chiral information even after dissolution of the
chiral templates, are described [18°°~24°°]. Furthermore,
new potential applications of chiral metals as electrodes
in electrochemical analysis and asymmetric synthesis are
also discussed, including the development of an electro-
chemical method for tuning the enantioselective proper-
ties of the designer surfaces [23°°].

Development of chiral metal surfaces
Concerning the development of chiral metal surfaces, sev-
eral concepts have been used by following one of the five
approaches: (i) adsorption of chiral molecules on surfaces
to produce chiral metals [12°,13°°,25°,26°]; (ii) binding of
chiral ligands to metal surfaces [27°]; (iii) cleaving bulk
crystals of metals [16°°,28°,29°]; (iv) distortion of sym-
metrical metal structures [30°]; (v) molecular imprinting
with chiral molecules as templates [21°°-23°°,31°°,32°].

First, chiral metal interfaces have been introduced
by the molecular adsorption on crystalline surfaces.
To obtain chiral features on metal surfaces by the
molecular adsorption approach, various modified sys-
tems, including achiral molecules adsorbed on achiral
surfaces [33°] and chiral molecules adsorbed on achi-
ral/chiral surfaces [26°,34°] are able to generate chiral
surfaces. Interestingly, a chiral surface can be obtained
by an achiral molecule adsorbed on an achiral surface
due to a reduction of the symmetry of the adsorp-
tion system compared to the isolated system [33°,35°].
For instance, the adsorption of the achiral molecule,
2,5,8,11,14,17-hexa-tertbutylhexabenzo  [bc,ef,hi,kl,no,
gr]coronene (HtB-HBC) on a Cu(110) substrate can
produce chiral surfaces [33]. The reason for the existence
of these chiral surfaces relates to the van der Waals
(vdW) interactions between the substrate and the sur-
face, eventually leading to a rotation of the symmetry
axis of the self-assembled molecules in a close-packed
geometry [25°,33°]. Unsurprisingly, chiral surfaces have
been successfully designed by the adsorption of chiral
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molecules on achiral surfaces, because of the retention of
the conformation of chiral molecules on achiral surfaces
[26°,34°]. However, this concept often suffers from losing
the chirality on surfaces due to the leaching of adsorbed
molecules [36°].

Recently, the encapsulation of metallic nanoclusters in
the environment of chiral self-assembled monolayers
(SAM) has been demonstrated to improve the effi-
ciency of enantioselective heterogeneous catalysis [27°].
In this case, chiral supramolecular homogeneous cata-
lysts are self-assembled to form a chiral environment im-
mobilized on mesoporous silica as shown in Figure 1A.
Gold nanoparticles have been successfully encapsulated
inside the chiral matrix without any other stabilizing
agent. These materials exhibit outstanding enantioselec-
tive catalysis due to the synergetic effect of the catalyti-
cally active metal sites and the surrounding chiral matrix.

In addition to such chiral surfaces, intrinsically chiral sur-
faces can be produced, by creating high Miller index sur-
faces of metals (e.g., Cu{531}, Pt{643}). This is achieved
by cutting a bulk crystal along a specific high index
plane [16°°,28°,29°]. The asymmetric structure is com-
posed of kinks, vacancies, and adatoms constituting spe-
cific adsorption site. Although the low population and
limited stability of the chiral sites might be a problem
of this approach, these surfaces exhibit significantly dif-
ferent adsorption/desorption rates for two enantiomers
[15°°,29°,37°-43°]. For example, Pt(643) and Pt(431)
sites provide different rates for the electrooxidation of D-
and L-glucose [16°°]. Furthermore, it was also possible
to enhance the degree of chirality on metal surfaces by
the distortion of metal structures [30°]. Interestingly, the
thiol-passivation of gold clusters can also induce and in-
crease chirality when using an intermediate size of gold
clusters due to a significant distortion of the structures
[30°].

Molecular imprinting with chiral molecules as template
is a popular approach to obtain chiral imprinted poly-
mers. However, it is also possible to apply an analog
concept to metal and metal oxide surfaces. CuO films
have been successfully deposited onto achiral Au(001)
[18°°,20°°] and Cu(111) [19°°] surfaces by the electrode-
position in the presence of chiral compounds, such as chi-
ral tartrate molecules as shown in Figure 1B. Interestingly,
the conformation of the chiral molecules was mimicked
in the CuO film and this eventually leads to different
rates of electrooxidation of (R,R)- and (S,S)-tartrate ac-
cording to the imprinted chiral configuration as shown in
Figure 1C. This work was the first example for generat-
ing a chiral metal oxide surface in the presence of a chiral
organic molecule.

Not only metal oxides but also metallic materials with
modified chiral surfaces have been successfully prepared
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[31°]. The chiral information can be retained on im-
printed Pd nanoparticles even after removable of chiral
organic molecules [31°]. To enhance the degree of chi-
rality of molecular imprinted metals, the combination of
the chiral imprinting approach together with mesoporous
structures has been studied by the electrodeposition of
metal in a matrix of self-assembled non-ionic surfactants
[44°] and chiral molecules as shown in Figure 2 [21°°].
The columnar structure of a lyotropic liquid crystal is
used as a mesoporogen (A). The interaction between chi-
ral molecules and the hydrophilic outer part of the surfac-
tant columns allows electrodeposition of metal around the
oriented chiral template (B), and finally chiral cavities at
the internal surface of the mesopores can be created after
removal of the template molecules (C). This concept can
be generalized for various chiral template molecules such
as DOPA, and mandelic acid [21°°-23°°].

Chiral recognition at metal surfaces

"To illustrate the application of chiral metal surfaces, chi-
ral recognition is an important aspect, especially from a
pharmaceutical and biological point of view. Currently, ef-
forts are devoted to the development of chiral recognition
technologies based on electrode surfaces because there
are many advantages of these methods, such as a rapid
detection by an electrochemical signal. The SAM of chi-
ral molecules on a metal electrode surface can be widely
applied for chiral recognition because they are very ver-
satile, allowing to introduce different chemical func-
tionalities, resulting in various chiral surface properties
[45°—49°°].

In addition to molecular assemblies at metal elec-
trode surfaces, the imprinting of chiral molecules in a
metal or metal oxide matrix is also interesting [18°°—
23°°,31°°,32°,50°]. Switzer ¢t al. demonstrated that it was
also possible to create chiral recognition sites on several
low symmetry materials, such as CuO [18°°,20°°] and
AgO [19°°]. These materials exhibit chiral recognition
abilities when used as electrodes. For example, an
electrodeposited CuO film imprinted with (S,S)-tartrate
molecules shows a higher electrooxidation current for
(S,S)-tartrate and vice versa for the (R)-imprinted surfaces
[18°°—-20°°]. As stated above, an enhanced effect of chi-
rality can be obtained when the active surface area is in-
creased. Enantioselective recognition of chiral molecules
has been reported for chiral cavities generated in meso-
porous electrode materials [21°°,51°°]. Significant differ-
ences in the electrooxidation currents of two enantiomers
are observed by differential pulse voltammetry (DPV).
For example, chiral mesoporous platinum imprinted by
D-DOPA exhibits higher activity for the electro-oxidation
of the D-enantiomer with respect to oxidation of the other
(see Figure 4 in Ref. [21°°]). The concept of imprinting
chirality in mesoporous metals is rather versatile and can

nee

be employed for different chiral templates [22°°,23°°].
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Figure 1
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lllustration of: (A) preparation of gold nanoclusters encapsulated inside a chiral matrix, (B) two configurations of electrodeposited chiral CuO films
([111] and [111]) onto achiral Au (001), (C) linear sweep voltammograms of the electrooxidation of (R,R)-tartate and (S,S)-tartate on S-CuO and R-CuO
films grown in Cu(ll) (S,S-tartrate) and Cu(ll) (R,R-tartrate), respectively. Adapted from Refs. [27°] and [18°°].
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(A) Interaction of the liquid crystal phase with the chiral template molecule

-4—— Pt salt in aqueous solution
- Chiral molecules (L-DOPA)
Surfactant

Gold-coated glass $\19°

(C) Template dissolution

Chiral mesoporous Pt

(B) Electrodeposition of platinum around the self-assembled structure

DOPA

Mesoporous platinum in the
presence of chiral and liquid
crystal template

Gold-coated glass s"9°

lilustration of the fabrication process of chiral imprinted mesoporous metals in the simultaneous presence of a lyotropic liquid crystal and chiral
templates: (A) interaction of lyotropic liquid crystal with the chiral template molecules, (B) reduction of metal around templates, and (C) structures

after the removable of templates. Adapted from Ref. [21°°].
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Asymmetric synthesis at chiral metal
surfaces

Another important challenge for chiral technologies is
the selective synthesis of a single enantiomer. Although
there are many reports demonstrating the development
of asymmetric catalysts, most of them are based on the
concepts of homogeneous catalysis. Herein, we present a
brief overview of the perspectives of asymmetric synthe-
sis using heterogeneous reaction schemes based on chiral
metals, in particular when using them in the context of
electrochemical synthesis.

Typically, chiral metals lead to low enantioselectivity
compared to homogeneous catalysts due to the weak in-
teraction between the surface and the reactants. However,
it is possible to overcome this problem. Recently, several
chiral metal nanoparticle systems have been reported as
novel heterogeneous chiral catalysts [52°-56°]. For exam-
ple, the excellent yield of chiral arylated product obtained
from the asymmetric 1,4-addition of arylboronic acids has
been achieved using chiral diene-modified Rh/Ag NP
systems [52°]. In addition, the concepts of using chi-
rally imprinted metallo-organic hybrid materials as het-
erogencous catalysts have been extensively developed
[24°°,31°°]. Durdn Pachén ez a/. reported that imprinted
Pd-alkaloid hybrid materials can be produced by the re-
duction of a metal salt in the presence of cinchona alkaloid
and the resulting compound shows catalytic activity with
a certain degree of enantioselectivity for the hydrogena-
tion of acetophenone and isophorone.

Apart from the development of asymmetric synthesis
based on chiral metal nanoparticles, recently the concept
of using mesoporous metals encoded with chiral informa-
tion has been introduced for the sterecoselective transfor-
mation of an achiral starting compound [23°°]. As men-
tioned above, the chiral mesoporous metal matrix can be
casily prepared by the reduction of metal ions in the si-
multaneous presence of a liquid crystal phase and chiral
template molecules and perfectly retains the chiral in-
formation even after the removable of template. Using
these designer surfaces as electrodes leads to significant
enantiomeric excess in the product mixture. For example,
an electrode imprinted with (R)-mandelic acid eventually
enhances the enantiomeric excess of the (R)-enantiomer
when converting phenylglyoxylic acid by electroreduc-
tion. In addition, the degree of enantiomeric excess can be
easily tuned by changing the density of chiral cavities in
the material. The enantiomeric excess relates to the fact
that the spatial orientation of the prochiral precursor in
the asymmetric environment of the imprinted cavities fa-
vors hydrogenation of the prochiral carbonyl carbon atom
from one side (Figure 3).

However, the simultaneous presence of non-imprinted
sites at the external part of the electrode is a limiting fac-
tor for the enantiomeric excess so far.

Figure 3

lllustration of (A) the reduction of phenylglyoxylic acid (PGA) to mandelic
acid (MA) and (B) the concept of enantioselectivity for the asymmetric
electrochemical reduction of PGA to MA. Adapted from Ref. [23°°].

Concluding remarks

The development of chiral metals for the enantioselec-
tive recognition and asymmetric synthesis has been ex-
plored over the past decade. This short review illustrates
several promising approaches to elaborate metal surfaces
with chiral features. These designer surfaces not only ex-
hibit significant enantioselective recognition, which is an
important factor for the development of sensing and sep-
aration technologies, but their specific properties also al-
low asymmetric electrochemical synthesis. These find-
ings open promising perspectives for the application of
chiral electrodes in analysis and synthesis.
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The development of green synthesis using renewable resources is of crucial importance in various ap-
plications, including adsorption and catalysis. In this work, hierarchical faujasite nanosheets have been
successfully prepared by a hydrothermal process in the presence of a dimethyloctadecyl-(3-(trime-
thoxysilyl)propyl) ammonium chloride (TPOAC) as a hierarchical porogen using an extracted silica
derived from renewable resources. The extracted nanosilica was obtained from a corn cob ash by the sol-
gel method without adding any dispersing agent. The TPOAC content and crystallization temperature
have a great effect on tuning the morphologies and textural properties of hierarchical faujasite nano-
sheets. Interestingly, the obtained materials also exhibit outstanding catalytic properties in terms of
activity, desired product selectivity, and catalyst lifetime for the hydrogenation of lignin-derived alkyl-
phenols, which is an important step of bio-oil upgrading. The high yield of 4-propylcyclohexanol over
novel designed catalysts is about 2.14 times compared with the conventional faujasite. The first pre-
sented approach, thus not only demonstrates a highly efficient way to produce zeolites with hierarchical
nanosheet structures via a green synthesis method, but also opens up interesting perspectives for the
development of heterogeneous catalysts for bio-oil upgrading applications.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

5,200,000 million tons per year in 2016 and it was increased
approximately by 10.64% from the previous year, resulting in a mass

As a lot of wastes from agricultural products, such as rice husks,
rice hulls, bagasses, and corn cobs are generated, especially in an
agricultural country as well as an environmental problem has been
considered as an international security issue, the conversion of
such wastes is the most promising way to increase the value of
products. Interestingly, one of the most abundant components in
agricultural wastes is silica. The natural silica, which was extracted
from agricultural wastes, can provide an alternative silica source
[1—4]. According to the United States Department of Agriculture
(USDA), for example, Thailand corn manufacture was about
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production of corn cob wastes. In addition, the corn cob ash (CCA)
can be considered as a by-product waste from the combustion
process after using corn cob as fuels to increase an energy effi-
ciency. Consequently, the conversion of such wastes is an inter-
esting choice to produce higher value-added products. However,
there have been a few reports on the preparation of an amorphous
silica derived from corn cob wastes. For example, the extracted
amorphous silica was prepared in a high yield from corn cob ash by
the sol-gel method and it was found that the CCA-extracted silica
exhibits a good potential property for the adsorption of methylene
blue [5,6]. To the best of our knowledge, there are so far no reports
on the use of the extracted silica obtained from CCA as a raw ma-
terial for the synthesis of zeolites, in particular, hierarchical zeolites.


mailto:chularat.w@vistec.ac.th
http://crossmark.crossref.org/dialog/?doi=10.1016/j.micromeso.2017.09.009&domain=pdf
www.sciencedirect.com/science/journal/13871811
www.elsevier.com/locate/micromeso
http://dx.doi.org/10.1016/j.micromeso.2017.09.009
http://dx.doi.org/10.1016/j.micromeso.2017.09.009
http://dx.doi.org/10.1016/j.micromeso.2017.09.009

142 S. Salakhum et al. / Microporous and Mesoporous Materials 258 (2018) 141—150

Such designed materials would allow not only reducing agricultural
wastes but also opening up their benefits for potential applications.

The FAU-type zeolite is one of the most important catalysts for
various catalytic applications, such as catalytic cracking, hydro-
cracking, hydrogenation, alkylation, and deoxygenation [7—11]. In
particular, the hydrogenation of lignin-derived alkylphenols, which
is an important step of bio-oil upgrading, is one of the most
promising ways to produce green fuels. However, the conventional
FAU, which consists of sole micropores, diminishes the catalytic
performance of the catalyst because of the diffusion limitation of
bulky molecules of bio-oil through small microporous channels of
FAU. The most promising way to improve the hydrogenation reac-
tion of conventional FAU is to use the designed hierarchical FAU
because it is expected to improve the diffusion limitation [7,12],
reduce a metal size and increase a metal dispersion [13], which can
enhance the hydrogenation ability of metals in order to increase the
catalytic activity. Moreover, not only hierarchical zeolites, which
have been possible to exhibit a superior and promising catalytic
performance over conventional materials, but also some other hi-
erarchically support materials or catalysts, for example, the hier-
archically ordered macroporous-mesoporous SBA-15 silica [14], the
3D hierarchical foam-like monolith catalyst [15,16], the hierar-
chically macro-mesoporous metal oxide catalyst [17], and the hi-
erarchical nanosheets of transition-metal vanadate on metal
meshes [18] also reveal the promising results for various applica-
tions in the catalysis field. FAU zeolites have been successfully
synthesized by a hydrothermal process with the aid of an organic
structure directing agents (OSDA) [19—22]. To reduce the synthesis
cost and the emission of toxic species, there are several efforts to
synthesize FAU zeolites in the free OSDA system, including the use
of silica source derived from rice husk, and fly ash as raw materials
[23,24]. For example, the micron-size NaY zeolite has been suc-
cessfully prepared by using a rice husk ash as a renewable source by
the two-step process (aging and crystallization steps) to improve a
degree of crystallinity [24].

Because of low catalytic performances of a conventional zeolite
in many applications, there is an increasing demand to develop
such materials [25—28]. Although various hierarchical zeolites have
been successfully prepared by different methods, the most popular
one is based on the bottom-up synthesis approach because it pre-
ciously controls hierarchical structures, mesoporosities, and
chemical compositions [7,29—39]. Until now, such materials having
hierarchical nanosheet structures have only been obtained using
commercial chemicals as a raw material [7,29,30], but have not
been synthesized so far by using renewable resources, even though
this strategy would be considered as a very green and highly effi-
cient synthesis method. In addition, modified zeolites would give
many advantages, such as increasing external surface areas of
materials, prolonging a catalyst lifetime and overcoming the
diffusion limitation of bulky molecules [7,33,40,41].

As the above-mentioned benefits of reducing agricultural
wastes and introducing hierarchical structures of zeolites, in the
present study, we demonstrate the synthesis of hierarchical FAU-
type zeolite nanosheets using a natural silica source derived from
a corn cob ash (CCA). Interestingly, the nanosilica with the size of
about 40 nm can be prepared without adding any dispersing agent.
Subsequently, the hierarchical FAU nanosheets have been synthe-
sized via a hydrothermal synthesis using the extracted nanosilica in
the simultaneous presence of a dimethyloctadecyl(3-(trimethox-
ysilyl) propyl) ammonium chloride (TPOAC) as a hierarchical
porogen. Furthermore, the effects of TPOAC content and crystalli-
zation temperature on their surface morphologies and textural
properties are systematically investigated. To illustrate the benefits
of our designed catalysts in heterogeneous catalytic applications,
the hydrogenation activity of lignin-derived alkylphenols over

hierarchical samples is compared with the corresponding con-
ventional zeolite under a mild operating condition at an atmo-
spheric pressure of H, and low temperature (<150 °C).

2. Experimental section
2.1. Reagents and materials

A corn cob was obtained from Kanchanaburi, Thailand. Sodium
hydroxide anhydrous (NaOH: minimum assay 98%, Carlo Erba),
hydrochloric acid (HCl: 37%, QRec), sodium aluminate (NaAlO;:
40—-45% Nay0 and 50—56% Al,03, Sigma-Aldrich), sodium silicate
(NaySiz07: 26.5 wt% SiOo, and 10.6 wt% Nay0, Merck), dimethy-
loctadecyl (3- (trimethoxysilyl) propyl) ammonium chloride
(TPOAC, 42% in methanol, Sigma-Aldrich), chloroplatinic acid
hexahydrate (H,ClgPt.6H,0: >37.50% Pt basis, Sigma-Aldrich), 4-
propylphenol (CoH4OH: 99%, Sigma-Aldrich), octane (CgH1g: 98%,
Sigma-Aldrich) were used as received without further purification.

2.2. Preparation of nanosilica from corn cob ash (CCA)

Silica was extracted from a corn cob ash (CCA) by applying the
method developed by Mohanraj et al. [42] and Velmurugan et al. [6]
with some modifications. Typically, the corn cob waste was washed
with deionized (DI) water and then dried at 100 °C overnight. The
cleaned corn cob was calcined at 650 °C for 2 h. A 10 g of a CCA was
boiled under vigorous stirring in 80 ml of 3 N NaOH at 70 °C for 4 h
to dissolve a silica from a CCA. After that, the sodium silicate so-
lution was obtained after filtration and then washed with a 50 ml of
boiled deionized water. The filtrate was cooled down to room
temperature and a silica was then precipitated by adjusting the pH
of the solution from 14 to 7 with 3 N HCI. The gels started to pre-
cipitate when the pH of the solution was less than 11. When the pH
of solution reached to 7, the aging precipitation was kept for 18 h.
The obtained gel was centrifuged at 4000 rpm for 5 min to separate
from the supernatant and dried at 75 °C for 24 h to produce
xerogels. The dried silica xerogels were washed with deionized
water to remove other impurities and minerals from the silica.
Finally, the washed silica xerogels were dried at 100 °C overnight to
obtain nanosilica.

2.3. Synthesis of hierarchical FAU-type zeolite nanosheets

In order to use the nanosilica as a silica source to synthesize FAU
nanosheets, the nanosilica was dissolved in NaOH solution to form
the sodium silicate solution. In this case, a 2 g of nanosilica was
dissolved in NaOH solution containing a 1.03 gof NaOH and a4.50 g
of Hzo.

The FAU nanosheets were prepared by applying our synthesis
method with some modifications [7]. In a typical procedure, the
sodium aluminate solution was prepared by mixing a 1.0 g of
NaAlO,, a 0.7 g of NaOH and a 14.4 g of HO and then stirred for
5 min to obtain the homogenous mixture. Subsequently, the so-
dium aluminate solution was added dropwise into a 3.7 g of the
sodium silicate solution. The obtained mixture was vigorously
stirred at room temperature for 1 h and the desired amount of
TPOAC was then added to the sodium silicate aluminate solution,
and the mixture was stirred at room temperature for 24 h. The gel
was crystallized at 75 or 85 °C for 4 days. The obtained solution was
collected and washed with a large amount of deionized water until
the supernatant with a pH of less than 8 was observed. Finally, as-
synthesized samples were dried at 100 °C overnight and calcined at
350 °C for 8 h.

For the synthesis of the conventional FAU, above-mentioned
procedures were applied except without adding TPOAC into the
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solution mixture. The FAU-CON-xC-yT and FAU-NS-xC-yT represent
the conventional FAU and the hierarchical FAU sample, respectively.
X and y refer to the crystallization temperature and the mole
fraction of SDA, respectively.

To prepare hydrogenation catalysts, a 1 wt% of Pt was loaded
onto FAU supports via wet impregnation method using
H,ClgPt.6H,0 as Pt precursors. The solvent was then removed by
either conventional static drying (CSD) process or under vacuum-
rotating drying (VRD). Finally, as-prepared samples were calcined
at 350 °C for 5 h. The Pt/FAU-CON-CSD and Pt/FAU-CON-VRD refer
to Pt nanoparticles (1 wt%) supported on the conventional FAU
prepared by the CSD and VRD, respectively. In addition, the Pt/FAU-
NS-CCA-CSD, and the Pt/FAU-NS-CCA-VRD refer to Pt nanoparticles
(1 wt%) supported on the hierarchical FAU synthesized from CCA
prepared by the CSD and VRD, respectively and the Pt/FAU-NS-SS-
VRD is Pt nanoparticles (1 wt%) supported on the hierarchical FAU
synthesized from sodium silicate prepared by the VRD.

2.4. Characterization of the extracted silica and hierarchical FAU-
type zeolite nanosheets

X-ray powder diffraction (XRD, Bruker D8 ADVANCE diffrac-
tometer with Cu K- « radiation (30 kV, 40 mA)) was used to
investigate the phase of silica and the crystalline structure of syn-
thesized samples. The scanning rate was 1°.min~' in the 20
diffraction angle in the range of 5°—60°. The relative crystallinity of
zeolite samples was calculated by the following equation: (% XRD
relative crystallinity of the desired sample = (Hy/H;) x 100), where
Hy and H; are the height of the most intense peak for the desired
samples and the reference sample, respectively. X-ray fluorescence
analysis (XRF, Bruker model S8 TIGER sequential WDXRF) was used
to determine the chemical compositions of corn cob ash, and
extracted silica. Surface area analysis was determined through a N,
adsorption/desorption technique at —196 °C by using a Micro-
tracBEL, BELSORP-max model. The specific surface area (Sggr),
micropore surface area/pore volume, and mesopore size distribu-
tion were calculated by BET method, t-plot method and BJH model,
respectively. The total pore volume (Viora) Was estimated at P/Pg at
0.99. Scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) images were recorded by the JEOL micro-
scope, JSM-7610F and JEM-ARM200F models, respectively. Pt
dispersion was determined by the H, pulse chemisorption tech-
nique performed on a chemisorption analyzer (MicrotracBEL,
BELCAT II model). The acid sites of the zeolite samples were
examined by a temperature-programed desorption of ammonia
(NH3-TPD). %Al MAS NMR spectroscopy operated on an AVANCE
300 MHZ Digital NMR spectrometer by using Bruker Biospin; DPX-
300 was used to distinguish the nature of aluminium species of
zeolite samples.

2.5. Catalytic testing

To illustrate the benefits of designed catalysts, the hydrogena-
tion of 4-propylphenol to 4-propylcyclohexanol was performed
using a two-necked round-bottom flask equipped with a reflux
condenser under an atmospheric H, pressure [43]. In a typical
procedure, a 5 ml of octane, a 20 pul of decane, and a 0.14 ml of 4-
propylphenol as solvent, internal standard and reactant, respec-
tively, were added to a 0.1 g of Na-formed catalysts and the reaction
mixture was stirred continuously at 110 °C. For the reaction product
analysis, the organic phase was analyzed at a certain reaction time
by a gas/mass chromatography (Agilent, GC system 7890 B) per-
formed on gas-mass spectrometer (Agilent, system 5977A MSD)
with a HP-5 column (30 m, 0.32 mm id., a stationary phase

thickness of 0.25 pum). The mass balance was in the range of
93.0 + 3.0%.

3. Results and discussion
3.1. Preparation of nanosilica from corn cob ash (CCA)

The chemical compositions of the CCA and the extracted silica
obtained from CCA are shown in Table 1. It was found that after the
extraction of CCA via a sol-gel method, the silica content obviously
increased from 37.3 to 97.0%, whereas impurities in CCA were
almost completely removed. This makes it clear that a highly effi-
cient extraction process has been successfully employed to produce
pure silica. The silica yield obtained from the CCA was about 20%
compared to the starting CCA.

A Fig. 1A shows XRD diffraction patterns of the CCA and the
extracted nanosilica obtained from the CCA. The XRD patterns of
the calcined corn cob ash at 650 °C for 2 h are attributed to the
characteristics of quartz and tridymite [42]. In strong contrast to
this, the extracted silica composes of an amorphous phase exhib-
iting a board hump at 26 in the range of 15—35°, which was also
found in the case of the commercial amorphous silica [44]. Fig. 1B
demonstrates the surface morphology of the extracted silica.
Interestingly, the obtained particle size of amorphous silica is in the
nanometer range (40 nm) and very uniform over the entire area.
The nanosilica was prepared by the precipitation of the silicate
solution in the alkaline media by adjusting a pH with an acid so-
lution. Typically, at high silicate concentration condition (107> M),
the silanol groups condense to produce oligomers of silica by
creating a disiloxy bond. Subsequently, the oligomers grow into
larger fragments of nanosilica particles [45].

3.2. Synthesis of hierarchical FAU obtained from extracted
nanosilica

3.2.1. Effect of crystallization temperature

The extracted nanosilica obtained from the CCA was used as a
silica source for the synthesis of FAU zeolite. To optimize the syn-
thesis condition, the effect of crystallization temperature on the
formation of faujasite nanosheets was examined. A Fig. 2A shows
XRD patterns of as-synthesized samples including the conventional
FAU (FAU-CON-75C-0T and FAU-CON-85C-0T), and the hierarchical
FAU nanosheets obtained at different crystallization temperatures
(FAU-NS-75C-0.030T and FAU-NS-85C-0.030T). All of as-
synthesized samples exhibit the characteristic peaks of faujasite
structure. It indicates that the faujasite zeolite can be synthesized
using the crystallization temperature in the range of 75—85 °C
without adding the zeolite structure-directing agent (SDA). In
addition, the crystallinity of FAU samples obtained at a higher

Table 1
Chemical composition of a corn cob ash (CCA) and an extracted silica derived from a
corn cob ash.

Components
expressed as oxides

Samples

Corn cob ash Extracted silica

K0 48.0 1.1
Sio, 343 97.0
P,05 6.9 -
MgO 45 0.7
Cao 3.2 -
SO3 21 -
AlL03 0.4 03
ZnO 0.3 0.2
Fe,03 0.3 —
Na,0 — 0.5
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Fig.1. (A) XRD patterns of (a) a corn cob ash (CCA), and (b) an extracted nanosilica, and
(B) SEM images of an extracted nanosilica.

crystallization temperature slightly increases for both conventional
FAU and FAU nanosheets. For example, the relative crystallinity is
increased by approximately 5% when increasing the crystallization
temperature from 75 to 85 °C in the case of FAU nanosheets syn-
thesized by adding 0.030 mol fraction of TPOAC. This behavior can
be attributed to the fact that the crystal growth rate at 85 °C is, as
expected, larger than that of the lower temperature. In addition, it
obviously shows that the microporosity of crystals is directly pro-
portional to the crystallization temperature. The micropore surface
area increases as a function of crystallization temperature (Fig. 2B
and Table 2), confirming that the microporous structure is prefer-
able to be grown at 85 °C. In addition, the uniform nanosheet
structure can be observed at 85 °C as shown in Fig. 2C.

3.2.2. Effect of hierarchical porogen content

To further study the effect of synthesis parameters on mor-
phologies and textural properties of zeolites, FAU samples were
crystallized at various contents of TPOAC at the crystallization
temperature of 75 and 85 °C. Fig. 3A shows XRD patterns of FAU-
CON-85C-0T, FAU-NS-85C-0.015T, FAU-NS-85C-0.030T, FAU-NS-
85C-0.045T, and FAU-NS-85C-0.060T, which were the as-
synthesized samples with TPOAC in the mole fraction of 0, 0.015,
0.030, 0.045, and 0.060, respectively (see Fig. S1 for the XRD pat-
terns of samples crystallized at 75 °C). In the absence of TPOAC, a
high crystallinity of FAU can be observed. However, the crystallinity
significantly decreases as a function of the TPOAC content. For
example, the crystallinity of FAU samples declines from 100 to

92.39, 86.51, and 84.31% for FAU-CON-85C-0T, FAU-NS-85C-0.015T,
FAU-NS-85C-0.030T, and FAU-NS-85C-0.045T, respectively. Typi-
cally, the relative crystallinity is calculated from the ratio of the
height of the most intense peak for the desired samples and the
height of the most intense peak for the reference sample. To further
increase the amount of TPOAC to 0.06 mole fraction, the charac-
teristic peak of faujasite zeolite disappears, while the NaP zeolite is
a major component. According to XRD patterns, all above-
mentioned samples obtained at the synthesis temperature of 75
and 85 °C show pure phase of faujasite zeolite except the one with
the 0.060 mole fraction of TPOAC (See Fig. 3A(e)). This confirms that
the formation of the FAU framework obviously depends on the
amount of TPOAC, and it is limited in the range of 0.015—0.045 mole
fraction. To further confirm the phase transformation of the
extracted nanosilica to the FAU framework structure, FTIR spectra
illustrate the characteristic of structures (Fig. S2). In a typical
amorphous silica, the bands at 1000, 780, and 450 cm~! can be
assigned to the asymmetric stretching vibration of the siloxane
bonds (Si—0-Si), the network Si-O-Si symmetric stretching vibra-
tion, and network O—Si—O bending vibration modes, respectively,
indicating that the extracted silica obtained from the CCA is an
amorphous structure [5,6]. However, in the case of faujasite sam-
ples, the different characteristics obviously appear as described by
the peaks around 450, 560, 660, 750, and 960 cm ™! attributing to
the T-O symmetric bending mode (where T = Si or Al), the double
six membered rings T—O—T symmetric stretching, the Si—O—Al
symmetric stretching, the T—O—T symmetric stretching, and the
Si—O—Al antisymmetric stretching vibration mode of T—O bonds,
respectively [46]. In particular, the peak around 560 cm~' belongs
to the double six membered rings T-O—T symmetric stretching,
which is a special characteristic structure of the FAU-type frame-
work (Fig. S2 (b-e)) [47,48]. These observations again confirm the
formation of FAU structure even in the presence of TPOAC.

As for textural properties, the N, adsorption-desorption
isotherm of the conventional bulk FAU (FAU-CON-85C-0T) can be
attributed to the type I, confirming that the FAU sample composes
of the sole microporous structure in the framework. Another
confirmation of the presence of sole microporous structure of bulk
FAU is the BJH pore size distribution (Fig. S3A (a,b)). As expected,
there are no obvious peaks appeared in the mesoporous size range
(2—50 nm). Interestingly, different isotherms having high sorption
at low relative pressure and hysteresis loop at P/Py of 0.45—0.8
represent to the simultaneous presence of mesoporous structures
and microporous networks for samples obtained by adding TPOAC.
In addition, the mesoporous character of FAU nanosheet samples is
further verified by the mesoporous size distribution derived from
the adsorption branch data using the BJH model (Fig. S3B (b-d)).
The explicit BJH curve demonstrates the mesoporous size ranging
from 5 to 9 nm for all hierarchical FAU nanosheet samples. The
presence of hierarchical porous structures might be explained by
the self-assembly of the nanosheet structure. To further confirm
this explanation, the surface morphologies of synthesized samples
analyzed by SEM are shown in Fig. 3C. Interestingly, the formation
of FAU nanosheets strongly depends on the amount of TPOAC
content. The presence of smooth surfaces with high microporosity
and low mesoporosity can be attributed to the feature of conven-
tional zeolite (Fig. 3B and C (a)). However, the surface morphologies
obviously change when adding TPOAC. For example, the smooth
surface of zeolites changes to rough spherical crystals in the pres-
ence of a small and suitable amount of TPOAC (0.015—0.030 mole
fraction).

However, the degree of a uniform structure becomes smaller
when adding a higher amount of TPOAC, resulting in a decrease of
external surface areas of the FAU-NS-85C-0.045T sample. This in-
dicates that an excess amount of TPOAC can disturb the self-
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Fig. 2. (A) XRD patterns, (B) N, adsorption-desorption isotherms of (a) FAU-CON-75C-0T, (b) FAU-CON-85C-0T, (c) FAU-NS-75C-0.030T, and (d) FAU-NS-85C-0.030T, and (C) SEM

images of (a) FAU-NS-75C-0.030T, and (b) FAU-NS-85C-0.030T.

formation of nanosheet assemblies. From these observations, the
proposed formation process of FAU crystals is therefore demon-
strated in Scheme 1. In the case of the small TPOAC content (0.015),
the large portion of bulk FAU crystals is still observed, suggesting

that the template does not so much affect the crystal growth of
zeolites (Scheme 1, path a). Interestingly, when increasing the
TPOAC content to the suitable value, the intergrowth of nanolayer is
predominant to form the nanosheet assembly (Scheme 1, path b).
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Table 2
Textural properties of synthesized FAU samples obtained by N, physisorption.

: I ] e f 3
Sample SBET‘ Smicro g Sext( Vtotal‘ VmicroL Vext Sext/SBET

Fau-CON-75C-0T 787 690 97 036  0.28 0.08 0.12
Fau-NS-75C-0.015T 623 445 178 048 0.18 030 0.28
Fau-NS-75C-0.030T 536 350 186 050 0.17 033 035
Fau-NS-75C-0.045T 437 329 108 044 0.16 028 0.25
Fau-CON-85C-0T 839 724 115 038 0.29 0.09 0.14
Fau-NS-85C-0.015T 700 568 132 040 0.23 0.17 0.19
Fau-NS-85C-0.030T 625 473 152 047 0.20 027 024
Fau-NS-85C-0.045T 573 430 143 045 0.19 026 0.25

a

Sger: BET specific surface area.
Smicro: Micropore surface area.
Sext: €xternal surface area.
4 Vioral: total pore volume.
€ Vmicro: Micropore volume.
 Vext = Viotal — Vimicro; All surface areas and pore volumes are in the units of m?/g
and cm?/g, respectively.
& Fraction of mesopore volume.

o

c

However, at a higher amount of TPOAC, the simultaneous presence
of non-uniform nanosheets together with nanoparticles in the
structure is observed (Fig. S3), suggesting inhibiting crystal growth
by a high content of TPOAC and therefore obstructing self-
assemblies of nanosheets (Scheme 1, path c). This behavior re-
lates to the fact that the excess amount of TPOAC leads to the
reduction of the long-range ordered structure of zeolite, and
eventually produces the growth of zeolite nanoparticles on nano-
sheet surfaces [49,50]. At an excess amount of TPOAC (Fig. S4), the
surfactant has a strong impact on the crystal growth of FAU zeolite
so that the NaP species start to appear (Scheme 1, path d).

To confirm the nature species of aluminum sites in the zeolite
framework, Fig. S5 shows the %Al NMR spectra of synthesized FAU
samples. It is clear that the distinct peak at the chemical shift about
65 ppm, attributing to the characteristic peak of tetrahedral coor-
dinated aluminum species in the framework, is observed with a
very small portion of extra-framework, octahedrally coordinated
aluminum species [34]. It suggests that most aluminum active sites
are occupied in the zeolite framework.

3.3. Catalytic activity: application of hierarchical FAU nanosheets in
the hydrogenation of lignin-derived alkylphenols

The hydrogenation of lignin-derived alkylphenols is an impor-
tant step in the bio-oil upgrading process. In this case, the Pt
nanoparticles are a well-known Lewis acid site for the hydroge-
nation of aromatic compounds, and therefore they were supported
on the designed synthesized zeolites. In order to illustrate the
benefits of hierarchical zeolite nanosheet assemblies in heteroge-
neous catalysis, the hydrogenation of lignin-derived 4-propylphe-
nol to 4-propylcyclohexanol as a model reaction was used in this
study as shown in Scheme 2.

To verify that the hierarchical structure also benefits not only
improving the diffusion limitation of substrates inside the porous
network [7,40,41], but also enhancing the metal distribution on
zeolite supports, which is one of the most important parameters to
control the catalytic activity. In this case, the yield of 4-propylcy-
clohexanol can greatly increase over Pt (1 wt%) supported on the
designed hierarchical FAU nanosheets obtained from CCA prepared
by the VRD method (Pt/FAU-NS-CCA-VRD, Fig. 4A(c)) compared
with the conventional catalyst prepared by the same method (Pt/
FAU-CON-VRD, Fig. 4A(b)). This makes it clear that the catalytic
activity over hierarchical FAU nanosheets extremely enhances
compared with a conventional FAU and the turnover frequency
(TOF) can be increased from 565 to 877 h™' when using the
designed hierarchical zeolite (Table S3, Entries 2 and 4).

Interestingly, the hierarchical Pt/FAU nanosheets also exhibit an
improved catalytic activity compared to the Pt supported on the
conventional FAU even though they were prepared by the con-
ventional static drying (CSD) method, which gives the lower
metal distribution compared to those of the VRD (Table S3, Entries
1 and 3).

Compared with the hierarchical FAU nanosheets synthesized by
using a commercial sodium silicate (Pt/FAU-NS-SS-VRD) as a raw
material, Fig. 4A(c and d) illustrates that the designed hierarchical
nanosheets obtained from CCA (Pt/FAU-NS-CCA-VRD) exhibit
comparable performances with producing a high yield of 4-pro-
pylphenol almost 80%. To investigate the reaction mechanism, the
product distribution as a function of reaction time is plotted as
shown in Fig. 4B. In the first step of the reaction, propylcyclohex-
anone is produced due to the partial hydrogenation of 4-propyl-
phenol and it is subsequently further hydrogenated to
propylcyclohexanol. This is consistent with that at the beginning of
reaction the high amount of propylcyclohexanone is produced;
however, propylcyclohexanol greatly increases whereas propylcy-
clohexanone disappears after 5 h. It is also important to note that
propylphenol can be directly dehydrated to propylbenzene or
propylcyclohexane as by-products due to the significant presence
of acid sites on the external surface of FAU (see Fig. S6 for NH3-TPD
curve) [51].

Fig. 5A and B shows TEM images of Pt dispersion on the con-
ventional FAU and the hierarchical FAU nanosheets, respectively.
Compared with the conventional FAU, the dispersion of Pt nano-
particles over the hierarchical FAU nanosheets can be greatly
improved as shown in Tables S1 and S2. The uniform particle size
distribution of Pt on hierarchical FAU nanosheets can be clearly
seen from the TEM image (Fig. S7), confirming the high dispersion
of Pt particle size in the range of 2.00 + 0.26 nm. The Pt dispersion is
one of the most important reasons for the improved catalytic ac-
tivity of FAU nanosheets compared with the bulk FAU. In addition,
the Pt dispersion obviously depends on the TPOAC content, which
used as a hierarchical porogen in the synthesis process. Unsur-
prisingly, the sample obtained at a very small amount of TPOAC
(0.015 mole fraction) exhibits insignificant different values of metal
dispersion compared with the conventional one. However, when
increasing the TPOAC content the metal dispersion obviously en-
hances. This is consistent with the view that the Pt dispersion over
solid supports relates to their surface area (Fig. 5C). An increase of
Pt dispersion is also directly proportional to its particle size on the
hierarchical structure. For example, the Pt size over the hierarchical
sample and conventional zeolite is approximately by 2.00+0.26 and
2.52 + 0.21, respectively (see Table S2). This makes it clear that the
hierarchical structure exhibits remarkably a higher fraction of
exposed metal active sites compared with the conventional
microporous structure.

To further explain the enhanced catalytic activity of catalysts,
the efficiency of catalysts should theoretically depend on the nature
and amount of exposed active metal areas. Catalyst samples having
a different Pt dispersion were prepared by different methods. As for
the low Pt dispersion sample, the conventional static drying (CSD)
process was applied for removal of solvent after the impregnation
and it exhibited a very poor dispersion of metals (Table S3, Entries 1
and 3). To improve the efficiency of metal species, the solvent was
removed under vacuum and rotating drying condition (VRD). It
clearly shows that the Pt dispersion over the hierarchical FAU
increased from 17.29 to 27.23% compared with those prepared by
the conventional method (CSD). As stated above, the fraction of
exposed metal active sites directly related to the metal dispersion.
It is therefore reasonable to assume that in the case of the CSD
method the catalytic activity of catalyst for the hydrogenation of 4-
propylphenol is significantly decreased due to the presence of a
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lower fraction of exposed active sites compared with the one ob-
tained by the VRD method (Fig. 4A (a and b) and Table S3, Entries
3-5). This allows the rise of the turnover frequency (TOF) from 485
to 880 h~! when increasing the metal dispersion (Table S3, Entries
3-5).

To illustrate the reusability of catalysts, the insignificant change
of activity was observed even after three cycles. The percentage of
conversion is 100, 98.45 and 94.78% for the first, second, and third
cycles, respectively (Fig. 6). Interestingly, the product selectivity of
the desired product does not significantly reduce. In other words,
the designed hierarchical FAU nanosheet catalysts can be repeat-
edly used as the active species for the hydrogenation of hydroge-
nation of lignin-derived alkylphenol.

4. Conclusions

The highly purified extracted nanosilica obtained from a corn
cob ash (CCA) without using any dispersing agent has been suc-
cessfully prepared. FAU nanosheets have also been synthesized via
a hydrothermal process using the obtained nanosilica with the aid
of TPOAC as a hierarchical porogen. Interestingly, the morphologies
and textural properties of FAU nanosheets can be easily tuned by
changing the synthesis parameters, such as crystallization tem-
perature and TPOAC content. At the optimized condition, very
uniform FAU nanosheet assemblies can be observed under the
crystallization temperature of 85 °C and the molar fraction of
TPOAC of 0.030. The hierarchical factor directly improves the metal
dispersion, resulting in an increase of the fraction of exposed active
species, which can enhance the catalytic activity of hydrogenation
of lignin-derived alkylphenol.
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Fig. 4. (A) Yield of 4-propylcyclohexanol as a function of reaction time on (a) Pt/FAU-
CON-CSD, (b) Pt/FAU-CON-VRD, (c) Pt/FAU-NS-CCA-VRD, and (d) Pt/FAU-NS-SS-VRD,
(B) product selectivity over Pt/FAU-NS-CCA-VRD.
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The first presented approach thus not only demonstrates highly
efficient way to produce zeolites with hierarchical nanosheet
structures using renewable resources but also opens up interesting

perspectives for the development of heterogeneous catalysts for
the part of bio-oil upgrading application, and future work will be
focused on generalizing this approach by applying for the synthesis
of other zeolites and extending the scope of the development of
hierarchical bifunctional catalysts for the bio-oil upgrading to
transportation fuels.

Acknowledgements

This work was financially supported by the Vidyasirimedhi
Institute of Science and Technology (VISTEC), the Thailand Research
Fund (TRF) (MRG5980114) and the Office of Higher Education
Commission (OHEC). Furthermore, the authors would like to
acknowledge the PTT group (PTT Global Chemical) and the
NANOTEC Center of Excellence on Nanoscale Materials Design for
Green Nanotechnology at Kasetsart University.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.micromeso.2017.09.009.
References

[1] L Cornejo, S. Ramalingam, J. Fish, I. Reimanis, Hidden treasures: turning food
waste into glass, Am. Ceram. Soc. Bull. 93 (2014) 24—-27.


http://dx.doi.org/10.1016/j.micromeso.2017.09.009
http://dx.doi.org/10.1016/j.micromeso.2017.09.009
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref1
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref1
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref1

150

[2]

3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

S. Salakhum et al. / Microporous and Mesoporous Materials 258 (2018) 141—150

S.S. Danewalia, G. Sharma, S. Thakur, K. Singh, Agricultural wastes as a
resource of raw materials for developing low-dielectric glass-ceramics, Sci.
Rep. 6 (2016) 24617.

N. Yalcin, V. Sevinc, Studies on silica obtained from rice husk, Ceram. Int. 27
(2001) 219-224.

N. Nazriati, H. Setyawan, S. Affandi, M. Yuwana, S. Winardi, Using bagasse ash
as a silica source when preparing silica aerogels via ambient pressure drying,
J. Non-Cryst. Solids 400 (2014) 6—11.

E. Okoronkwo, P. Imoisili, S. Olusunle, Extraction and characterization of
amorphous silica from corn cob ash by sol-gel-method, ]. Chem. Mater. Res. 3
(2013) 68—72.

P. Velmurugan, J. Shim, K.-J. Lee, M. Cho, S.-S. Lim, S.-K. Seo, K.-M. Cho, K.-
S. Bang, B.-T. Oh, Extraction, characterization, and catalytic potential of
amorphous silica from corn cobs by sol-gel method, J. Ind. Eng. Chem. 29
(2015) 298—303.

T. Yutthalekha, C. Wattanakit, C. Warakulwit, W. Wannapakdee,
K. Rodponthukwaji, T. Witoon, ]. Limtrakul, Hierarchical FAU-type zeolite
nanosheets as green and sustainable catalysts for benzylation of toluene,
J. Clean. Prod. 142 (2017) 1244—1251.

C.H. Tempelman, X. Zhu, K. Gudun, B. Mezari, B. Shen, E.J. Hensen, Texture,
acidity and fluid catalytic cracking performance of hierarchical faujasite
zeolite prepared by an amphiphilic organosilane, Fuel Process. Technol. 139
(2015) 248—-258.

K. Motazedi, N. Mahinpey, D. Karami, Preparation and application of faujasite-
type Y zeolite-based catalysts for coal pyrolysis using sodium silicate solution
and colloidal silica as silicon source, Chem. Eng. Commun. 203 (2016)
300—-317.

T. Rervik, H. Mostad, O.H. Ellestad, M. Stocker, Isobutane/2-butene alkylation
over faujasite type zeolites in a slurry reactor. Effect of operating conditions
and catalyst regeneration, Appl. Catal. A 137 (1996) 235—253.

AM. Yusof, N.A. Nizam, N.A.A. Rashid, Hydrothermal conversion of rice husk
ash to faujasite-types and NaA-type of zeolites, ]J. Porous Mater. 17 (2010)
39-47.

H.W. Lee, B.R. Jun, H. Kim, D.H. Kim, ].-K. Jeon, S.H. Park, C.H. Ko, T.-W. Kim, Y.-
K. Park, Catalytic hydrodeoxygenation of 2-methoxy phenol and dibenzofuran
over Pt/mesoporous zeolites, Energy 81 (2015) 33—40.

A. Srebowata, K. Tarach, V. Girman, K. Géra-Marek, Catalytic removal of
trichloroethylene from water over palladium loaded microporous and hier-
archical zeolites, Appl. Catal. B 181 (2016) 550—560.

C.M. Parlett, M.A. Isaacs, S.K. Beaumont, LM. Bingham, N.S. Hondow,
K. Wilson, A'F. Lee, Spatially orthogonal chemical functionalization of a hier-
archical pore network for catalytic cascade reactions, Nat. Mater. 15 (2016)
178—-182.

S. Cai, D. Zhang, L. Shi, J. Xu, L. Zhang, L. Huang, H. Li, ]. Zhang, Porous Ni—Mn
oxide nanosheets in situ formed on nickel foam as 3D hierarchical monolith
de-NOy catalysts, Nanoscale 6 (2014) 7346—7353.

C. Fang, L. Shi, H. Hu, J. Zhang, D. Zhang, Rational design of 3D hierarchical
foam-like Fe; O3@ CuOx monolith catalysts for selective catalytic reduction of
NO with NHs, RSC Adv. 5 (2015) 11013—11022.

C. Fang, L. Shi, H. Li, L. Huang, J. Zhang, D. Zhang, Creating hierarchically
macro-/mesoporous Sn/CeO ; for the selective catalytic reduction of NO with
NH3, RSC Adv. 6 (2016) 78727—78736.

L. Huang, X. Zhao, L. Zhang, L. Shi, J. Zhang, D. Zhang, Large-scale growth of
hierarchical transition-metal vanadate nanosheets on metal meshes as
monolith catalysts for De-NOx reaction, Nanoscale 7 (2015) 2743—2749.

D. Yuan, D. He, S. Xu, Z. Song, M. Zhang, Y. Wei, Y. He, S. Xu, Z. Liu, Y. Xu,
Imidazolium-based ionic liquids as novel organic SDA to synthesize high-silica
Y zeolite, Microporous Mesoporous Mater. 204 (2015) 1-7.

B.A. Holmberg, H. Wang, ].M. Norbeck, Y. Yan, Controlling size and yield of
zeolite Y nanocrystals using tetramethylammonium bromide, Microporous
Mesoporous Mater. 59 (2003) 13—-28.

L. Zhu, L. Ren, S. Zeng, C. Yang, H. Zhang, X. Meng, M. Rigutto, A. van der Made,
F.-S. Xiao, High temperature synthesis of high silica zeolite Y with good
crystallinity in the presence of N-methylpyridinium iodide, Chem. Commun.
49 (2013) 10495—10497.

N. Taufiqurrahmi, A.R. Mohamed, S. Bhatia, Nanocrystalline zeolite beta and
zeolite Y as catalysts in used palm oil cracking for the production of biofuel,
J. Nanopart. Res. 13 (2011) 3177—3189.

P. Thuadaij, A. Nuntiya, Preparation and characterization of faujasite using fly
ash and amorphous silica from rice husk ash, Procedia Eng. 32 (2012)
1026—1032.

R. Mohamed, I. Mkhalid, M. Barakat, Rice husk ash as a renewable source for
the production of zeolite NaY and its characterization, Arab. ]. Chem. 8 (2015)
48-53.

J. Pérez-Ramirez, C.H. Christensen, K. Egeblad, C.H. Christensen, J.C. Groen,
Hierarchical zeolites: enhanced utilisation of microporous crystals in catalysis
by advances in materials design, Chem. Soc. Rev. 37 (2008) 2530—2542.
M.S. Holm, E. Taarning, K. Egeblad, C.H. Christensen, Catalysis with hierar-
chical zeolites, Catal. Today 168 (2011) 3—16.

[27]

[28]

[29]

[30]

[31]

[32]

[33]

(34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44

[45]

[46]

[47]

[48]

[49]

[50]

CH. Christensen, K. Johannsen, E. Tornqvist, I. Schmidt, H. Topsee,
C.H. Christensen, Mesoporous zeolite single crystal catalysts: diffusion and
catalysis in hierarchical zeolites, Catal. Today 128 (2007) 117—122.

L.-H. Chen, X.-Y. Li, J.C. Rooke, Y.-H. Zhang, X.-Y. Yang, Y. Tang, F.-S. Xiao, B.-
L. Su, Hierarchically structured zeolites: synthesis, mass transport properties
and applications, ]. Mater. Chem. 22 (2012) 17381—17403.

A. Inayat, I. Knoke, E. Spiecker, W. Schwieger, Assemblies of mesoporous FAU-
type zeolite nanosheets, Angew. Chem. Int. Ed. 51 (2012) 1962—1965.

M. Khaleel, AJ. Wagner, K.A. Mkhoyan, M. Tsapatsis, On the rotational inter-
growth of hierarchical FAU/EMT zeolites, Angew. Chem. Int. Ed. 53 (2014)
9456—9461.

X. Zhang, D. Liu, D. Xu, S. Asahina, K.A. Cychosz, K.V. Agrawal, Y. Al Wahedi,
A. Bhan, S. Al Hashimi, O. Terasaki, Synthesis of self-pillared zeolite nano-
sheets by repetitive branching, Science 336 (2012) 1684—1687.

D. Xu, G.R. Swindlehurst, H. Wu, D.H. Olson, X. Zhang, M. Tsapatsis, On the
synthesis and adsorption properties of single-unit-cell hierarchical zeolites
made by rotational intergrowths, Adv. Funct. Mater. 24 (2014) 201-208.
H.W. Lee, S.H. Park, ].-K. Jeon, R. Ryoo, W. Kim, D.J. Suh, Y.-K. Park, Upgrading
of bio-oil derived from biomass constituents over hierarchical unilamellar
mesoporous MFI nanosheets, Catal. Today 232 (2014) 119—126.

W. Wannapakdee, C. Wattanakit, V. Paluka, T. Yutthalekha, J. Limtrakul, One-
pot synthesis of novel hierarchical bifunctional Ga/HZSM-5 nanosheets for
propane aromatization, RSC Adv. 6 (2016) 2875—2881.

P. Wuamprakhon, C. Wattanakit, C. Warakulwit, T. Yutthalekha,
W. Wannapakdee, S. Ittisanronnachai, J. Limtrakul, Direct synthesis of hier-
archical ferrierite nanosheet assemblies via an organosilane template
approach and determination of their catalytic activity, Micropor. Mesopor.
Mat. 219 (2016) 1-9.

K. Cho, H.S. Cho, L.-C. De Menorval, R. Ryoo, Generation of mesoporosity in
LTA zeolites by organosilane surfactant for rapid molecular transport in cat-
alytic application, Chem. Mater. 21 (2009) 5664—5673.

M. Choi, H.S. Cho, R. Srivastava, C. Venkatesan, D.-H. Choi, R. Ryoo, Amphi-
philic organosilane-directed synthesis of crystalline zeolite with tunable
mesoporosity, Nat. Mater. 5 (2006) 718—723.

G.V. Shanbhag, M. Choi, ]. Kim, R. Ryoo, Mesoporous sodalite: a novel, stable
solid catalyst for base-catalyzed organic transformations, J. Catal. 264 (2009)
88—-92.

R.R. Mukti, H. Hirahara, A. Sugawara, A. Shimojima, T. Okubo, Direct hydro-
thermal synthesis of hierarchically porous siliceous zeolite by using alkox-
ysilylated nonionic surfactant, Langmuir 26 (2009) 2731—-2735.

L. Wang, J. Zhang, X. Yi, A. Zheng, F. Deng, C. Chen, Y. Ji, F. Liu, X. Meng, F.-
S. Xiao, Mesoporous ZSM-5 zeolite-supported Ru nanoparticles as highly
efficient catalysts for upgrading phenolic biomolecules, ACS Catal. 5 (2015)
2727-2734.

Y. Wang, ]. Wu, S. Wang, Hydrodeoxygenation of bio-oil over Pt-based sup-
ported catalysts: importance of mesopores and acidity of the support to
compounds with different oxygen contents, RSC Adv. 3 (2013) 12635—12640.
K. Mohanraj, S. Kannan, S. Barathan, G. Sivakumar, Preparation and charac-
terization of nano SiO, from corn cob ash by precipitation method, Adv. Mat.
4.6 (2012) 394—-397.

H. Ohta, K. Yamamoto, M. Hayashi, G. Hamasaka, Y. Uozumi, Y. Watanabe, Low
temperature hydrodeoxygenation of phenols under ambient hydrogen pres-
sure to form cyclohexanes catalysed by Pt nanoparticles supported on H-ZSM-
5, Chem. Commun. 51 (2015) 17000—17003.

N. Thuadaij, A. Nuntiya, Synthesis and characterization of nanosilica from rice
husk ash prepared by precipitation method, J. Nat. Sci. Spec. Issue Nano-
technol. 7 (2008) 59—65.

P. Jal, M. Sudarshan, A. Saha, S. Patel, B. Mishra, Synthesis and characterization
of nanosilica prepared by precipitation method, Colloids Surf. A Physicochem.
Eng. Asp. 240 (2004) 173—-178.

N. Thuadaij, A. Nuntiya, Preparation of nanosilica powder from rice husk ash
by precipitation method, Chiang Mai J. Sci. 35 (2008) 206—211.

K.P. Dey, S. Ghosh, M.K. Naskar, Organic template-free synthesis of ZSM-5
zeolite particles using rice husk ash as silica source, Ceram. Int. 39 (2013)
2153-2157.

W. Panpa, S. Jinawath, Synthesis of ZSM-5 zeolite and silicalite from rice husk
ash, Appl. Catal. B 90 (2009) 389—394.

L. Emdadi, Y. Wu, G. Zhu, C.-C. Chang, W. Fan, T. Pham, R.F. Lobo, D. Liu, Dual
template synthesis of meso-and microporous MFI zeolite nanosheet assem-
blies with tailored activity in catalytic reactions, Chem. Mater. 26 (2014)
1345—-1355.

C. Wang, M. Yang, P. Tian, S. Xu, Y. Yang, D. Wang, Y. Yuan, Z. Liu, Dual
template-directed synthesis of SAPO-34 nanosheet assemblies with improved
stability in the methanol to olefins reaction, ]J. Mater. Chem. A 3 (2015)
5608—-5616.

[51] J. Datka, O. Vogt, ]. Rakoczy, A. Kubacka, Heterogeneity of acid sites in ZSM-5

zeolites and boralites studied by IRspectroscopy and a catalytic method, Stud.
Surf. Sci. Catal. 94 (1995) 240—245.


http://refhub.elsevier.com/S1387-1811(17)30613-3/sref2
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref2
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref2
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref3
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref3
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref3
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref4
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref4
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref4
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref4
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref5
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref5
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref5
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref5
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref6
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref6
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref6
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref6
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref6
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref7
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref7
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref7
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref7
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref7
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref8
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref8
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref8
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref8
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref8
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref9
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref9
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref9
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref9
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref9
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref10
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref10
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref10
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref10
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref10
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref10
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref11
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref11
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref11
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref11
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref12
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref12
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref12
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref12
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref13
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref13
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref13
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref13
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref13
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref13
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref13
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref14
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref14
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref14
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref14
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref14
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref15
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref15
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref15
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref15
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref15
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref15
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref16
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref16
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref16
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref16
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref16
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref16
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref16
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref16
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref17
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref17
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref17
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref17
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref17
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref17
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref18
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref18
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref18
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref18
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref18
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref19
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref19
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref19
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref19
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref20
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref20
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref20
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref20
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref21
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref21
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref21
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref21
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref21
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref22
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref22
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref22
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref22
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref23
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref23
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref23
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref23
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref24
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref24
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref24
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref24
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref25
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref25
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref25
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref25
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref25
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref26
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref26
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref26
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref27
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref27
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref27
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref27
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref27
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref27
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref28
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref28
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref28
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref28
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref29
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref29
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref29
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref30
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref30
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref30
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref30
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref31
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref31
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref31
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref31
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref32
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref32
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref32
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref32
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref33
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref33
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref33
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref33
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref34
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref34
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref34
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref34
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref35
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref35
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref35
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref35
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref35
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref35
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref36
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref36
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref36
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref36
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref37
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref37
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref37
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref37
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref38
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref38
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref38
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref38
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref39
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref39
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref39
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref39
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref40
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref40
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref40
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref40
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref40
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref41
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref41
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref41
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref41
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref42
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref42
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref42
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref42
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref42
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref43
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref43
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref43
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref43
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref43
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref44
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref44
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref44
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref44
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref45
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref45
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref45
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref45
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref46
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref46
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref46
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref47
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref47
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref47
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref47
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref48
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref48
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref48
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref49
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref49
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref49
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref49
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref49
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref50
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref50
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref50
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref50
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref50
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref51
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref51
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref51
http://refhub.elsevier.com/S1387-1811(17)30613-3/sref51

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

No. 5

ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue
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Biomass is an interesting renewable energy resource as it is widespread in nature and low cost. The
development of bio-oil derived from biomass as a fuel is still a scientific and industrial challenge. In this
context, we demonstrate the synthetic method of bio-oil upgrading catalysts based on hierarchical
zeolites and open up interesting perspectives for bio-oil upgrading processes. The hierarchical ZSM-5
zeolite has been successfully prepared via a direct hydrothermal synthesis with the aid of a commercial
organosilane surfactant (TPOAC). The influences of TPOAC content and Si/Al ratio on hierarchical
structures were also systematically studied. To illustrate their catalytic performances, an esterification
reaction of various organic acids such as (acetic acid and levulinic acid) and alcohols was performed as
the model reaction representing the bio-oil upgrading application. The synergic effect of acidity and the
hierarchical structure of catalysts can greatly enhance the catalytic performance in terms of activity,
product yield, coke formation, and reusability of the catalysts. For example, they can convert almost
100% of reactant in 8 h in the esterification of acetic acid and alcohols, whereas the conventional zeolite
reveals significantly lower activity (<20%). Interestingly, the hierarchical zeolite can also greatly improve

the catalytic activity of the esterification of levulinic acid and ethanol to produce ethyl levulinate that can
Received 5th April 2017

Accepted 11th July 2017 be used as a diesel miscible biofuel (DMB). In addition, the efficiency of hierarchical catalysts obtained by

different synthesis methods is also discussed. This first example demonstrates that the hierarchical
zeolite obtained via a direct synthesis approach can benefit bio-oil upgrading applications via the
esterification of various carboxylic acids.
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Introduction

The development of renewable energy sources has attracted
a great deal of attention from both academic and industrial
points of view due to the shortage of fossil fuels. Although
renewable energy can be obtained from many sources, such as
solar, wind, geothermal, hydroelectric, and biomass," the
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spectra of pyridine adsorption experiments (S5), weight loss profiles (S6), O,
TPO profiles (S7), Raman spectra (S8), benzyl alcohol conversion (%) on
different samples obtained by different methods (S9), Tables S1-S4. See DOI:
10.1039/c7ra03890a
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conversion of biomass is one of the most fascinating methods
because it is widespread in nature and low cost. Typically,
biomass resources can be divided into one of the following
three groups: (i) wastes; (ii) forest products; (iii) energy crops.>
The lignocellulosic biomass is one of the most abundant sour-
ces to be used for the production of liquid fuels or bio-oils.
Although the bio-oil derived from the lignocellulosic biomass
is a good candidate to replace a petroleum fuel, it typically
consists of high oxygen content (20-50 wt%) and acidity (pH =
2.5-3), resulting in undesirable properties, such as low heating
value, high viscosity, thermal instability, and corrosiveness.® To
overcome these problems, the upgrading of bio-oils is crucial to
improve their properties. In general, the bio-oil upgrading
processes can be obtained by hydrodeoxygenation (HDO),*
ketonisation,” aldol condensation,® and esterification.” The
most popular one is based on the catalytic upgrading via an
esterification of organic acids in the presence of alcohol mole-
cules, resulting in the reduction of oxygen content and acidity,
thus improving the oil stability.®

Although a common acid catalyst, such as sulfuric acid
(H,SO,4), exhibits an excellent catalytic activity in an

RSC Adv., 2017, 7, 35581-35589 | 35581
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esterification, such an acid is not recommended as it is corro-
sive and non-environmentally-friendly. Alternatively, various
solid acid catalysts, such as sulfated zirconia,” functionalized
mesoporous silica,' heteropoly acid," and zeolite'>** have been
applied. In particular, zeolites have been widely used for an
esterification due to their outstanding properties, such as high
surface area, high thermal/chemical stability, suitable acidity,
and shape selective property.

Over the past decade, zeolites have played an important role
in various potential applications, especially in petrochemical
reactions, such as aromatization,'*"* isomerization,'>"” alkyl-
ation,'" dehydration,* and esterification.”** However, the
presence of sole micropores in their structures often suffers
from the transportation limitation of guest molecules,
including reactants, intermediates, and products. As a conse-
quence, the catalyst deactivation can be easily observed due to
the coke formation inside micropores. To improve the efficiency
of a conventional zeolite, many researchers have paid a lot of
effort to develop the zeolite structure by either reducing the
crystal size*® or introducing the hierarchical pores into its
structures.>*?* In the latter case, the fabrication of hierarchical
zeolites has been successfully obtained by one of the following
two major routes: (i) post-treatment;*° (ii) direct synthesis.***
In the direct synthesis, a secondary template was applied by
either hard or soft templates to control the hierarchical struc-
ture. According to the soft templating approach, an organo-
silane surfactant has been widely used as the mesopore-
directing agent because it provides a strong interaction with
the zeolitic gels, thus preventing the phase separation between
zeolite precursors and mesoporous template molecules.
However, it sometimes also suffers from the disadvantage
because it requires many complicated steps of the synthesis of
a designed organosilane template,* while there are only a few
hierarchical zeolites which have been successfully produced by
using a commercial organosilane surfactant as a mesoporous
structure-directing agent.*>3*

Recently, hierarchical zeolites have been applied as an
interesting catalyst for an esterification. For example, the mes-
oporous ZSM-5 and H-ZSM-5 monolith were prepared by an
alkali treatment and using corn or sorghum stem piths as
sacrificial solid templates, respectively. Interestingly, the ob-
tained ZSM-5 can significantly improve catalytic performances
of the esterification of benzyl alcohol and hexanoic acid.** In
addition, the esterification of o-cresol with acetic acid over
mesoporous ZSM-5 zeolites obtained by an alkaline treatment
or post treatment has been reported.** The remarkably
improved activity in the liquid-phase esterification of alcohol
and acid was observed over the mesoporous ZSM-5 via deme-
tallation in alkaline media.

An alternative way to produce the ordered mesoporous
zeolite has been achieved by a direct synthesis or a templating
approach. This strategy can obviously solve several limitations
of hierarchical zeolites obtained from a post-treatment and in
particular it can be used to synthesize hierarchical zeolites with
a wide range of Si/Al ratios.** In contrast to this, a post-
treatment has been applied to the limited initial Si/Al ratio of
parent zeolites. Typically, the zeolite having the Si/Al ratio in the

35582 | RSC Adv., 2017, 7, 35581-35589
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range of 25-50 is the most favourable by a post-treatment, while
a low mesoporosity and a loss of crystallinity are obtained in the
case of higher and lower Si/Al ratios, respectively.*>* To the best
of our knowledge, the development of hierarchical zeolites by
a direct synthesis based on an organosilane approach for the
bio-oil upgrading application has not yet been demonstrated,
even though it is one of the most interesting alternative ways to
extend the scope of hierarchical zeolite researches.

Herein, we demonstrate not only the synthesis of hierar-
chical ZSM-5 by a direct synthesis approach with the aid of
a commercial organosilane surfactant, dimethyloctadecyl[3-
(trimethoxysilyl)propyl] ammonium chloride (TPOAC), as
a hierarchical pore-directing agent but also its catalytic
perspectives for the bio-oil upgrading application using a model
reaction. The catalytic performances in terms of activity,
product selectivity, and coke formation were explored via the
esterification of various carboxylic acids such as acetic acid and
levulinic acid and alcohols. Complementary, the reusability of
hierarchical catalysts was also examined and compared with
that of the conventional one. In addition, the catalytic activity of
the hierarchical catalyst obtained by different synthesis
methods including direct- and post synthesis approaches was
discussed in details.

Experimental
Preparation of catalysts

The hierarchical ZSM-5 was hydrothermally synthesized by
using the dimethyloctadecyl[3-(trimethoxysilyl)propyl] ammo-
nium chloride (TPOAC) (42 wt% in methanol, Sigma-Aldrich) as
a mesopore structure-directing agent. For a typical procedure,
we developed the synthesis method from our previous work by
using the TPOAC instead of carbon material as the hierarchical
mesopore-directing agent.*” In the modified mixture, a 1 g of
silica gel (SiO,, Merck), 0.02 g of sodium aluminate (53 wt%
Al O3, 43 Wt% Na,O; Riedel-deHaén), 0.26 g of tetrapropy-
lammonium bromide, TPABr, (98% C,,H,3BrN, Sigma-Aldrich),
0.11 g of sodium hydroxide (98% NaOH, Carlo Erba), and 7 ml
of deionized (DI) water were mixed and stirred at room
temperature for 1 h. Then, the desired amount of TPOAC was
dropped slowly into the solution. The final molar composition
was 178 SiO,/1 Al,05/16 NaO,/9 TPABr/4251H,0/x TPOAC,
which x refers to the amount of TPOAC. The mixture was stirred
further for 2 h and transferred to a Teflon-coated stainless steel
autoclave. Then, it was heated at 453 K for 3 days. The product
was filtered and washed with deionized water until the pH of
filtrate less than 9. It was then dried in an oven at 373 K over-
night and subsequently calcined in air at 823 K for 9 h. The
obtained samples were designated as ZSM-5_(x)TPOAC in which
x refers to an amount of TPOAC in molar composition. To
compare the benefits of modified and unmodified structures,
a conventional sample, the ZSM-5 was also synthesized in the
absence of TPOAC and the commercial ZSM-5 (SH-55 from ALSI-
PENTA Zeolithe GmbH, Si/Al ratio of 24) was also used to
compare with the synthesized samples. They are designated as
C_ZSM-5 and Commercial ZSM-5, respectively.

This journal is © The Royal Society of Chemistry 2017
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To prepare the acid catalyst, all synthesized samples were
ion-exchanged into the proton-formed ZSM-5 by repeating the
treatment three times with 1 M of NH,NO; at 353 K for 2 h.
Then, the sample was dried at 373 K and calcined at 823 K for
6 h.

To evaluate the influence of the number of acid sites, we
therefore prepared the hierarchical ZSM-5 samples with various
Si/Al ratios. For a typical synthesis, the above-mentioned
procedure with varying the amount of sodium aluminate was
used. The amount of Al,O; was varied in the range of 1 to 3.6
molar ratio. The samples are designated as Hierarchical ZSM-
5(A) in which A refers to the Si/Al ratio.

To compare the effect of hierarchical structures obtained by
different synthesis approaches on their catalytic performances,
an alkaline post treatment was also chosen for the preparation of
hierarchical ZSM-5 as a representative of a top-down synthesis
approach. A 1 g of the commercial zeolite (SH-55 from ALSI-
PENTA Zeolithe GmbH, Si/Al ratio of 24) was mixed with 30 ml
of 0.5 M NaOH and it was stirred at 353 K for 1 h. Then, the
product was washed with DI water until the pH of filtrate less
than 8. The filtered product was dried and subsequently ion-
exchanged into the proton-formed -catalyst. The alkaline
treated sample is designated as the Hierarchical ZSM-5_AT.

Characterization of catalysts

Powder X-ray diffraction (XRD) patterns were recorded by a Bruker
D8 ADVANCE instrument using CuKe radiation (30 kV, 40 mA)
with step size of 0.02° and scan rate of 10° min " in the 26 range of
5-50°. The relative crystallinity of zeolite samples was calculated by
the following equation: (% XRD relative crystallinity of the desired
sample = (Hx/Hr) x 100), where Hx and Hr are the height of the
most intense peak for the desired samples and the reference
sample, respectively. The morphologies of materials were exam-
ined by a scanning electron microscopy (SEM) performed with
a Hitachi-3400 instrument. The samples for SEM studies were
dispersed on carbon tape and coated with a thin layer of gold.

Nitrogen adsorption-desorption isotherms were measured
at 77 K performed on a Micromeritics ASAP 2020 physisorption
analyzer. Before the measurement, the samples were evacuated
at 575 K for 20 h. The specific surface area was calculated by
using the Brunauer-Emmett-Teller (BET) theory (Sggr).*® The
total pore volume (V) was calculated at P/P, = 0.98. The #-plot
method was used to calculate the micropore volume (Viicro),
and external surface area (Sey).* The mesopore size distribu-
tions were examined by using the Barrett-Joyner-Halenda (BJH)
model derived from the adsorption branch of isotherms.>

The aluminum structures were determined by using >’Al
MAS NMR spectroscopy performed on an AVANCE 300 MHz
Digital NMR spectrometer (Bruker Biospin; DPX-300) at 78
MHz. The Al,O; was used as a reference (set to 0 ppm). The Si/Al
ratio of products was investigated by ICP-OES technique per-
formed on the Agilent Technologies 715 model.

The NH; temperature-programmed desorption (NH;-TPD)
curves were recorded by using a fixed-bed reactor system
equipped with a TCD detector. Typically, a 1 g of zeolite sample
was pretreated at 823 K for 2 h under the flow of N, (30 ml
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min~') and it was subsequently cooled down to 323 K. The
sample was equilibrated with 5 vol% of NH; in He for 60 min
and then purged under the flow of He (30 ml min ") for 1 h. To
record NH; TPD profiles, the temperature was increased from
323 K to 1073 K with the heating rate of 10 K min~". To deter-
mine the density of acid sites in zeolites, FTIR spectra of pyri-
dine adsorption were recorded at a 2 ecm ' resolution and
averaged over 64 scans performed on a Bruker Vertex V70v
instrument. Firstly, the zeolite sample was heated to 823 K with
the heating rate of 2 K min~" under 20 vol% O, in He. Pyridine
was then introduced for 10 min into the chamber at its vapor
pressure at room temperature. Subsequently, pyridine was
removed by evacuation for 1 h at 573 K. To calculate the number
of Brgnsted and Lewis acid sites, molar extinction coefficient
values of 0.73 and 1.11 cm pumol * were applied, respectively.

The amount of coke formation in the zeolite network after
catalytic tests was evaluated by the thermogravimetric analysis
(TGA) and the O, temperature-programmed desorption (O,-
TPO). As for TGA experiments, it was performed on a Perkin
Elmer Pyris 1 TGA instrument in the temperature range of 373~
1073 K with a heating rate of 10 K min~ " under an oxygen (O,,
99.99% purity, Praxair, Thailand) with the flow rate of 40 ml
min~ . Prior to the O,-TPO measurement, used catalysts were
pretreated at 523 K for 2 h under the flow of He. The catalysts
were then heated under the flow of 5% (v/v) O, in He. The TPO
profiles were recorded in the temperature range of 373-1073 K
with the ramp rate of 5 K min~'. The Raman spectra of spent
catalysts were collected at room temperature, performing at
least 3 different positions. A laser beam was used at 532 nm
focused on the sample by a microscope.

Esterification of benzyl alcohol with acetic acid

Prior to the catalytic test, the proton-formed ZSM-5 samples
were activated at 823 K for 6 h. For the experimental procedure,
the reaction was performed in a three-necked round bottom
flask with a reflux condenser at 373 K under an atmospheric
pressure. A 15 ml of toluene was added into the reactor
following by 0.10 ml of decane as a solvent and an internal
standard, respectively. A 3.10 ml of benzyl alcohol and 2.06 ml
of acetic acid were added. A 0.45 g of catalyst was then placed
into the reactor. The reaction mixtures were collected at
a desired time and analyzed by gas chromatography (GC) per-
formed on an Agilent 7820A GC instrument using a FID detector
and a DB-1 capillary column (100 m X 0.5 um X 0.25 mm). The
percentage of conversion was calculated based on the total
percentage of benzyl alcohol converted into the product. The
quantitative analysis was investigated by using the individual
calibration curves of benzyl alcohol and its products as shown
in Fig. S1 in ESL{ The mass balance was checked for all
experiments (97.29 + 1.50%).

Results and discussion

Characterization of catalysts

Effect of TPOAC content. According to the XRD results in
Fig. 1, the patterns reveal that all samples contain characteristic

RSC Adv., 2017, 7, 35581-35589 | 35583
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Fig. 1 XRD patterns of all ZSM-5 samples obtained at various TPOAC
contents: (a) Commercial ZSM-5, (b) C_ZSM-5, (c) ZSM-5_(4.8)
TPOAC, (d) ZSM-5_(9.6)TPOAC, and (e) ZSM-5_(38.4)TPOAC.

peaks of the MFI zeolite structure with high crystallinity, while
no crystalline impurity phase is observed. It suggests that
zeolite samples were successfully synthesized under a simple
hydrothermal process even in the presence of a mesopore
structure-directing agent. For example, the samples obtained by
adding a small amount of TPOAC (ZSM-5_(4.8)TPOAC and ZSM-
5_(9.6)TPOAC) exhibit high intense peaks comparable to the
reference sample (C_ZSM-5), having the relative crystallinity of
61.5% and 69.5%, respectively (see Table S1 in the ESIf).
However, when the TPOAC was further added with higher
content, the relative crystallinity of samples, ZSM-5_(38.4)
TPOAC, is significantly decreased (about 40%). A large
amount of surfactant directly causes the significant reduction of
crystallinity, suggesting the incompatibility of surfactant and
zeolite gels to hinder the crystallization process (from 9.6 to
38.4 mol of TPOAC). This makes it clear that the amount of
a mesoporous structure-directing agent strongly affects the
formation of zeolite structures.

To verify the morphologies of synthesized zeolites, the
scanning electron microscopy (SEM) images reveal that the
TPOAC apparently affects the morphology of products (Fig. 2).
In the absence of TPOAC, the C_ZSM-5 sample exhibits smooth
surface morphology, having particle sizes of 3.6 + 0.5 pm (see
the particle size distribution in Fig. S2 in the ESIt). In strong
contrast to this, the sample obtained in the presence of low
TPOAC content, ZSM-5_(4.8)TPOAC, shows non-uniform parti-
cles with various shapes, including coffin-like and spherical
morphologies. Due to the variety of shapes and non-uniform
particle size distribution (8.8 + 2.0 pm see in Fig. S2 in the
ESIt), this would allow us to increase the TPOAC content to
produce more uniform particles. Consequently, the ZSM-5_(9.6)
TPOAC product was fabricated by increasing the amount of
TPOAC. The sample exhibits stacking plate-like shapes,
providing a high surface areas with average crystal sizes of 10.6
£ 2.0 um (Fig. S2 in the ESIt). To examine the limitation of
TPOAC content, the ZSM-5_(38.4)TPOAC was also synthesized
by further increasing the amount of TPOAC by the fourfold
compared with the ZSM-5_(9.6)TPOAC. The mixture of crystal-
line and amorphous phases is observed, when an excess
amount of TPOAC is added. This is consistent with the XRD
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Fig.2 SEM images of ZSM-5 samples obtained at various amounts of
TPOAC: (a) C_ZSM-5, (b) ZSM-5_(4.8)TPOAC, (c) ZSM-5_(9.6)TPOAC,
and (d) ZSM-5_(38.4)TPOAC.

data, showing a dramatic decrease in crystallinity compared
with the reference sample (C_ZSM-5). In particular, the simul-
taneous presence of the coffin-like crystals and the amorphous
phase is observed in the case of the ZSM-5_(38.4)TPOAC sample
due to the use of overdosed TPOAC.

To confirm the presence of mesoporosity, the textural
properties of all samples were measured by N, physisorption
technique. N, adsorption/desorption isotherms (Fig. 3)
demonstrate that synthesized ZSM-5 products show the
isotherms with hysteresis loop at P/P, in the range of 0.4-0.8
due to the mesopore filling, indicating the presence of addi-
tional mesopores. In contrast to the synthesized samples, the
hysteresis loop does not exist in the isotherm of the commercial
ZSM-5 and the C_ZSM-5, while the adsorption at the relatively
low pressure (P/P, ~ 0.2) with a long horizontal plateau is clearly
observed due to the micropore filling, suggesting the presence
of sole micropores in the zeolite structure. Moreover, the BJH
mesopore size distribution in Fig. 4 reveals the presence of
a mesoporous structure in the hierarchical ZSM-5 samples. The
BJH curve of ZSM-5_(9.6)TPOAC sample shows a wide distri-
bution in the range of 10-20 nm. However, when the TPOAC is

Quantity Adsorbed (cmalg STP)

0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/Po)

Fig. 3 N, adsorption/desorption isotherms of synthesized ZSM-5
samples obtained at various TPOAC contents: (a) Commercial ZSM-5,
(b) C_ZSM-5, (c) ZSM-5_(4.8)TPOAC, (d) ZSM-5_(9.6)TPOAC, and (e)
ZSM-5_(38.4)TPOAC.
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Fig.4 Mesopore size distribution derived from BJH adsorption branch
of synthesized ZSM-5 samples obtained at various TPOAC contents:
(@) Commercial ZSM-5, (b) C_ZSM-5, (c) ZSM-5_(4.8)TPOAC, (d) ZSM-
5_(9.6)TPOAC, and (e) ZSM-5_(38.4)TPOAC.

increased to 38.4 mol, the pore size distribution becomes
narrow in the range of 5-10 nm. In contrast, the porous struc-
ture in the range of mesopore size was not observed in the cases
of the commercial ZSM-5 and the C_ZSM-5. This result again
confirms the presence of hierarchical mesopores in the hierar-
chical ZSM-5 samples and the presence of sole micropores in
the conventional ZSM-5, which is consistent with the N, sorp-
tion isotherm results.

From these observations, the results indicate that a suitable
amount of TPOAC is equal to 9.6 mol, which produces excellent
textural properties (Table 1), providing the highest meso-
porosity. It is therefore reasonable to assume that in the case of
the catalytic study, it should be possible to be used as a candi-
date catalyst.

Effect of Si/Al ratios

To verify the role of acidity on the catalytic performances, we
also carried out several additional experiments to prepare the
hierarchical ZSM-5 samples with various Si/Al ratios via a direct
synthesis. The catalysts, having low Si/Al ratio, Si/Al = 34
(hierarchical ZSM-5(34)), and high Si/Al ratio, Si/Al = 90, (ZSM-
5_(9.6)TPOAC or hierarchical ZSM-5(90)), were also synthesized
by using the suitable amount of TPOAC obtained from the
previous section to generate secondary mesopores. The hierar-
chical ZSM-5(34) also shows characteristic peaks of the MFI

View Article Online
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Fig. 5 SEM images of: (a) Commercial ZSM-5, and (b) Hierarchical
ZSM-5(34), the representative sample having low Si/Al ratio: (c) Hier-
archical ZSM-5(90), the representative sample having high Si/Al ratio.

structure as shown in Fig. S3 in the ESI. However, its crystal-
linity is lower than that of the commercial ZSM-5 due to the
effect of TPOAC template on the morphology of crystal growth.
SEM images in Fig. 5 also confirm the differences in morphol-
ogies of three catalysts, the commercial ZSM-5, the hierarchical
ZSM-5(34), and the hierarchical ZSM-5(90). Interestingly, the
hierarchical ZSM-5(34) sample exhibits the self-assemblies of
stick-like nanocrystals, while the hierarchical ZSM-5(90) sample
consists of stacking plate-like crystals. Both samples are ex-
pected to show high catalytic performance due to their high
surface areas and mesoporosity as shown in Table 1.

In addition to the number of acid sites, the nature of Al sites
was also monitored by >’Al MAS NMR spectroscopy (as shown in
Fig. $4 in the ESI}). As the presence of the single peak at about
54 ppm of all samples, it clearly shows that the samples contain
only tetrahedral coordinated Al in frameworks, whereas the
presence of the octahedrally extra-framework Al species can be
excluded.

The acidity of catalysts was also examined by NH;-TPD
technique. From NH;-TPD profiles (Fig. 6), all curves were fitted
and obtained with two visible peaks, appearing at low temper-
ature, LT (ca. 493 K) and high temperature, HT (ca. 723 K). The
LT peak is assigned to weak acid sites due to the interaction
between NH; molecules desorbed from weakly acidic hydroxyl
sites, which also refer to the defect and external silanol groups.
However, the HT peak corresponds to the desorption of NH;3
from strong acid sites, which are Brensted acid sites (BAS) and
Lewis acid sites (LAS).** Among synthesized samples, the hier-
archical ZSM-5(34) sample exhibits the lower acidity, which is of
35.5% compared with the commercial ZSM-5. As expected, the
hierarchical ZSM-5(90) shows the lowest acidity due to a small
number of acid sites and it decreases approximately by 35%

Table 1 Textural properties and Si/Al ratios of all synthesized ZSM-5 samples

Samples Si/Al* SBETb Smicroc Sextd Vtotale Viicrs Vext/mesog Vmeso/Vtotalh
Commercial ZSM-5 19 363 276 87 0.171 0.110 0.060 0.351
C_ZSM-5 115 387 249 137 0.180 0.099 0.081 0.450
ZSM-5_(4.8)TPOAC 88 374 162 212 0.240 0.066 0.174 0.725
ZSM-5_(9.6)TPOAC 90 396 176 220 0.346 0.072 0.273 0.789
ZSM-5_(38.4)TPOAC 97 393 163 229 0.321 0.068 0.253 0.788
Hierarchical ZSM-5(34) 34 434 287 147 0.338 0.115 0.223 0.660

% Si/Al ratio obtained by ICP-OES technique. b Sppr: BET specific surface area. © Spjcro: Mmicropore surface area. 4 8. external surface area. ¢ Vi
total pore volume.” Viicro: micropore volume. ¥ Veymeso = Viotal — Vimicro; all surface areas and pore volumes are in the units of m?> g’1 and cm® g’l,

respectively. " Fraction of mesopore volume.
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Fig. 6 NH3-TPD curves obtained on different samples: (a) Commer-
cial ZSM-5, (b) Hierarchical ZSM-5(34), and (c) Hierarchical ZSM-5(90).

compared with the hierarchical ZSM-5(34) sample. The amount
of acid sites is known to relate to Al atoms in a framework in
which the charge is compensated by acidic protons.*

To further investigate the amount of BAS and LAS, FTIR
spectra of pyridine adsorption are shown in Fig. S5 and Table
S2.1 The peak at around 1545 cm ™" is assigned to pyridinium
ions formed by protonation at BAS, while a band at 1455 cm™"
corresponds to pyridine adsorbed on LAS. It was found that the
contribution of BAS of both catalysts is very high compared with
LAS. This parameter strongly affects many potential catalytic
applications, especially in an esterification.*® Consequently, this
catalyst is expected to lead to enhancing the catalytic activity of
the esterification.

Catalytic performance of catalysts

To illustrate the benefits of hierarchical catalysts for the cata-
lytic upgrading of carboxylic acids, the prepared samples were
tested with an esterification of benzyl alcohol and acetic acid as
a model study (as shown in Scheme 1). As shown in Fig. 7, the
catalytic activities of an esterification of different catalysts are
demonstrated as a function of reaction time. The major product
of this reaction is benzylacetate, which is almost 100% selec-
tivity for all catalysts (Fig. 7). Interestingly, the hierarchical
ZSM-5(34) sample exhibits an excellent activity compared with
the other catalysts. It can convert the reactant into product
about 90% in 8 h. In contrast, the commercial ZSM-5 shows very
low activity, which gives only 22% of the conversion of alcohol,
although it contains higher acidic density compared with the
hierarchical ZSM-5(34). The different activities between two
catalysts can be attributed to the fact that the presence of the

©/\ +H3C)J\OHW©/\

Benzyl alcohol Acetic acid Benzyl acetate

Scheme 1 Esterification reaction of benzyl alcohol and acetic acid on
zeolite catalysts.
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Fig. 7 Benzyl alcohol conversion (%) (red) and benzylacetate selec-
tivity (%) (black) as a function of reaction time on different samples:
Commercial ZSM-5, Hierarchical ZSM-(90), and Hierarchical ZSM-
5(34).

hierarchical porous network can reduce the diffusion
constraints inside micropores. Interestingly, the hierarchical
sample containing the lower amount of acidic density (high Si/
Al ratio) also exhibits higher catalytic activity than that of the
commercial ZSM-5, implying that the higher catalytic activity
can be contributed by the hierarchical porous network. This
result again confirms that the promising property of hierar-
chical structures can promote the catalytic activity of an ester-
ification of carboxylic acid.

To demonstrate the efficiency of catalysts, the reusability
studies of the hierarchical ZSM-5 and the corresponding
conventional zeolite were also carried out at various reaction
cycles (Fig. 8). The conversion of alcohol is about 90% at 8 h
when the hierarchical ZSM-5(34) sample was used as a catalyst
for the first cycle. In contrast, the commercial sample only
converts the reactant into the product by 22%. For the second
cycle, the hierarchical ZSM-5(34) sample still exhibits an excel-
lent performance by showing about 85% of alcohol conversion.
However, the commercial catalyst performs similarly low cata-
Iytic activity compared to itself in the first cycle. In the third
cycle, the hierarchical catalyst still shows, as expected, a good
catalytic performance (80% conversion of alcohol), while the

Il Hierarchical ZSM-5(34)
[_]Commercial ZSM-5

90;
80 -
70 -
60;
50 |-

40 [

30

Benzyl alcohol conversion at 8 h (%)

Cycle 1 Cycle 2 Cycle 3

Fig. 8 Reusability experiments of Hierarchical ZSM-5(34) and
Commercial ZSM-5 catalysts for three cycles (catalytic test condition:
373 Kand 1 atm).
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commercial one only converts about 15% of the alcohol toward
the product. It is noteworthy that the inferior catalytic activity of
the commercial sample is due to the presence of sole micro-
pores in the structure and this could eventually lead to accel-
erate the coke formation.

To further verify in the term of catalyst deactivation, the
amount of deposited coke was also measured by the tempera-
ture thermogravimetric analysis (TGA) and the O, temperature-
programmed oxidation (O,-TPO) as shown in Fig. S6 and S7 in
the ESI.¥ From TGA profiles, it was found that a carbon weight
loss over the hierarchical ZSM-5(34) sample is much less than
that of the commercial one (11.5% and 32.4% for the hierar-
chical ZSM-5(34) and the commercial ZSM-5, respectively) after
the reaction time of 24 h. As expected, the presence of hierar-
chical pores obviously improves the catalytic activity by
rendering molecular transportation, resulting in a reduction in
coke formation.

In contrast, the commercial sample contains a large amount
of deposited coke due to the presence of sole micropores in its
structure, causing the pore blocking. Besides, O,-TPO profiles
demonstrate the location and the type of carbonaceous species.
At the low temperature about 673 K, it is attributed to the lowest
aromatic condensation, which are easily oxidized and mostly
located on the outermost surface of zeolite (coke I). Meanwhile,
at higher temperature about 773-873 K, it is ascribed to the high
aromatic condensation, the polynuclear aromatic coke species
or graphitic like coke (cokes II and III), which are originated
from the microporous zeolite structure.**>® The deconvolution
of TPO curves shows an amount of coke content of three
different species. The significant decrease of cokes I and II over
the hierarchical ZSM-5 sample was observed, indicating a lower
degree of condensation of coke species. The commercial sample
exhibits a large amount of developed polynuclear aromatic coke/
graphitic species deposited on external surfaces and inside
zeolite structures with the total coke content of 10 mmol g~ *. In
contrast, the hierarchical ZSM-5 sample dramatically reduces
the coke formation of all types with the total coke content of
3 mmol g~ * due to shortening the diffusion path length. On the
other hand, a large content of coke II and III species in the
commercial sample indicates that the fast deactivation of cata-
lyst is the results of pore blockage by high aromatic condensa-
tion. This is also consistent with the TGA results, revealing that
the hierarchical samples can significantly reduce the content,
resulting in an increase of catalytic activity. Fig. S8 shows
Raman spectra of coke species deposited on catalysts after the
reaction. It was found that two visible peaks appearing at 1610
and 1389 em ™ are assigned to the G band corresponding to the
presence of graphitic materials®” and the D band due to disor-
dered carbon structures, respectively. Obviously, both catalysts
exhibit the presence of both graphite-like carbon species and
disordered amorphous polyaromatic species. Interestingly, the
ratio of area of D band and G band (Ip/Ig) of commercial ZSM-5
and hierarchical ZSM-5(34) is 0.52 and 0.39, respectively. These
correspond well with O,-TPO results that the higher ratio of coke
II to coke III content was observed in the deposited coke ob-
tained by a commercial catalyst.
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This makes it clear that the catalytic activity for the esterifi-
cation of carboxylic acids can be greatly improved in the case of
hierarchical ZSM-5 samples even though they exhibit lower
Brensted acid density. Together with the presence of meso-
porous networks connected to the microporous framework, it
gives the benefits to improve the catalytic performances in
terms of catalytic activity, desired product yield, and catalyst
stability/reusability, due to the improved accessibility to active
sites. On the other hand, the sole microporous structure of
commercial ZSM-5 does not show the advantage for the reaction
because of not only inhibiting the diffusion of molecules to
active sites but also facilitating the coke formation inside
microporous network, especially for catalysts with very high
Breonsted acid density, which is required for the acid catalysed
reaction, such as an esterification of organic acids.

To compare the catalytic performances of hierarchical
zeolites obtained by various synthesis approaches (Fig. S9 in the
ESIt), the hierarchical ZSM-5 sample obtained by a direct
synthesis, hierarchical ZSM-5(34), shows a significantly
improved catalytic activity compared with those obtained by
using a conventional alkaline treatment, even though both
samples contain the similarity in textural properties, such as
micro- and mesoporosity (as shown in Table S3 in the ESI}). The
hierarchical ZSM-5(34) sample exhibits an excellent conversion
of alcohol (about 90% and high selectivity of benzylacetate
almost 100%).

In order to further illustrate the benefits of hierarchical
zeolites for the catalytic upgrading of carboxylic acids, an
esterification of levulinic acid, which can be formed by the acid-
catalyzed dehydration of monosaccharide, and ethanol has also
been investigated (Table S4 in the ESIf). Interestingly, the
hierarchical zeolite can greatly improve the catalytic activity to
produce the ethyl levulinate that can be used as diesel miscible
biofuel (DMB). The hierarchical ZSM-5 have the two-three fold
advantage of the catalytic conversion of levulinic acid compared
with the conventional zeolite as well as preserved shape selec-
tivity of zeolite framework. This work opens up interesting
perspectives for the development of hierarchical mesoporous
zeolites via a direct synthesis approach using an organosilane
template for the catalytic upgrading of various carboxylic acids.

Conclusions

The hierarchical ZSM-5 samples have been successfully
synthesized under a simple direct hydrothermal method. With
the aid of TPOAC, the synthesized hierarchical ZSM-5 products
exhibit promising catalytic performances in terms of increasing
activity, desired product yield, and catalyst reusability for an
esterification of carboxylic acids. In particular, the hierarchical
ZSM-5(34) sample performs a remarkable activity by converting
almost 90% of benzylalcohol to benzylacetate for an esterifica-
tion of acetic acid and benzylalcohol within 8 h corresponding
to the presence of hierarchical porous networks in the zeolite
structure.

To illustrate the ability of hierarchical structures, the sample
with a low content of acidic density also shows a good perfor-
mance by catalyzing 70% of reactant in 24 h. This might be

RSC Adv., 2017, 7, 35581-35589 | 35587
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explained by the hierarchical pores rendering the catalyst's
performance. In the view of catalyst reusability, the hierarchical
catalyst, hierarchical ZSM-5(34), exhibits an excellent perfor-
mance compared with the commercial catalyst with almost
fivefold catalytic activity even after three cycles.

To evaluate the efficiency of catalysts obtained by different
synthesis methods, it was also found that the catalyst prepared
by a direct synthesis shows a significantly improved activity
compared with the one obtained by a conventional post-
treatment method. Interestingly, not only different catalytic
performances can be observed for hierarchical zeolites obtained
by different methods, but also a wider range of framework Si/Al
ratios of catalysts can be prepared by a direct synthesis. For
these reasons, the developed hierarchical zeolites by a direct
synthesis approach can benefit to many applications, in
particular, the bio-oil upgrading via an esterification of various
carboxylic acids for the development of renewable energy
resources in future.
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ABSTRACT

The development of recyclable solid acids is of major industrial importance and challenging in many
reactions, for instance, the Friedel-Crafts alkylation as one of the most prevalent examples, which
generally requires the presence of acid catalysts. However, not only the replacement of traditional toxic
acid catalyst by solid acidic zeolites but also the improvement such catalysts in term of high efficiency
has been addressed through environmental technologies. Our present study explores the use of hier-
archical faujasite zeolite nanosheets as catalysts in industrial applications with the frame of development
of green and sustainable technologies. The simple and efficient route to prepare the faujasite zeolite with
the nanosheet-assembled structure together with the roles of synthetic parameters on the characteristics
and properties are systematically investigated. This first example of hierarchical zeolite, which has
uniform mesoporous features derived from the interstitial pores between the nanosheet assemblies,
exhibits a superior catalytic activity in terms of conversion and selectivity for the benzylation of toluene
with benzyl chloride. In conclusion, the fine-tuning of structural characteristics of zeolites by a simple
optimization of surfactant contents and crystallization temperatures allows the design of the candidate
catalyst for a green and sustainable future. This work also demonstrates the next step forward in the
development of an industrial catalyst based on the concept of cleaner production.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

including raw materials, energy and water, while reducing the
generation of waste is one of the major goals of the cleaner pro-

Currently, many chemical processes have suffered from high-
energy consumption, large amount of wastes and pollution.
Therefore, sustainable innovation with energy saving, green pro-
cesses, and environmental concerns is a desired goal for the
chemical industry (Diaz Lopez and Montalvo, 2015). The develop-
ment of existing industrial catalysts with the intention of increasing
their performances in order to efficiently use natural resources,

* Corresponding author.
E-mail address: jumras.limtrakul@vistec.ac.th (J. Limtrakul).

http://dx.doi.org/10.1016/j.jclepro.2016.08.001
0959-6526/© 2016 Elsevier Ltd. All rights reserved.

duction concepts (Glavic and Lukman, 2007; Jegatheesan et al.,
2009). This is portrayed in the new patterns of industrial produc-
tion, which is gaining widespread and increasing interest from
national society (Zeng et al., 2010).

The use of an environmentally friendly chemical process is
currently gaining popularity because the use of conventional Lewis
and mineral acid catalysts (e.g., AlCl3, HF, H,SO4) has led to envi-
ronmental problems, especially in large-scale production. Great
efforts have been made to replace such conventional catalysts with
solid acid catalysts. Among them, zeolites have attracted increasing
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interest due to their benefits of heterogeneous catalyst, which can
be easily separated from the reaction mixtures and also be recycled.
Moreover, their well-known special features such as high micro-
pore surface area, acidity, shape selectivity, and good thermal/hy-
drothermal stability, zeolites are considered as green catalysts in
the petrochemical manufacture of fine chemicals and chemical
intermediates.

However, in some cases, the presence of sole micropores limits
the catalytic performance of zeolites. Conventionally, the pores or
cavities of zeolites are size related to molecular dimensions or
micropores (<2 nm). Bulky molecules with the molecular dimen-
sion larger than the micropore dimension, then cannot adsorb and
undergo any reactions in the pores. In addition, the diffusion of the
molecules may be slow, resulting in a relatively low catalytic ac-
tivity and a fast catalytic deactivation, especially in the refining
processes dealing with heavy feedstock molecules. Thus, the
development of highly active zeolite catalysts that can be applied
for a large number of potential applications in various industrially
important reactions remains as a challenge.

The improvement of zeolite efficiency has been extensively
studied. Most of such developments concern the design of hierar-
chical zeolites in order to overcome the problems of small pore
sizes and diffusion limitations in conventional zeolites. Both the
introduction of larger pores, such as mesopores (2—50 nm) and
macropores (>50 nm), interconnected to the conventional micro-
pores (Egeblad et al., 2007; Na et al., 2013) and the size reduction of
zeolite crystals (Tosheva and Valtchev, 2005), especially to nano-
scale, have been investigated by many researchers. Among hierar-
chical zeolites, zeolite nanosheets have attracted considerable
attention. As a result of their sheet-like crystals and their thickness
in the nanometer range, the nanosheets exhibit high external sur-
face areas and a large number of pore volumes derived from meso-
and/or macropores in addition to micropores (Choi et al., 2009). To
prepare nanosheet zeolites, organosilanes were used as structure
directing agent (SDA) because of the stable interaction between the
organosilane molecules and the growing zeolite crystals preventing
phase separation. This leads to the efficient formation of the
nanosheets (Inayat et al., 2012; Khaleel et al., 2014).

Zeolites having a faujasite (FAU) framework structure are one of
the most industrially important catalysts. They are commonly used
in a wide range of potential catalytic reactions, including fluid
catalytic cracking to convert heavy petroleum crude oils to high
value-added products, such as gasoline (Garcia-Martinez et al.,
2012), and in the transesterification of sugars or fatty acids
(Davis, 2003; Luz Martinez et al., 2010). The FAU nanosheet as-
semblies were successfully synthesized using organosilane surfac-
tants with 16- and 18-carbon alkyl chains. However, it is still in an
early stage of development and the catalytic behaviors of the FAU
nanosheets as well as the roles of synthetic parameters on the
product characteristics and properties have never been systemati-
cally investigated.

In this work, a simple and practical strategy to prepare hierar-
chical FAU zeolite nanosheet assemblies using 3-(trimethoxysilyl)
propyl octadecyl dimethyl ammonium chloride or TPOAC, an
organosilane surfactant with an 18-carbon alkyl chain, as SDA, has
been demonstrated. The roles of the synthetic parameters,
including the surfactant content in the synthesis gel and the crys-
tallization temperature, on the product characteristics were sys-
tematically investigated. Moreover, the recycling waste mother-
liquid, which is composed of non-reacted species, including Si, Al,
and TPOAC surfactant from the first batch synthesis, can be used to
synthesize hierarchical FAU zeolite nanosheet assemblies. The ob-
tained insight into the synthetic parameters together with the
recyclable synthesis strategy allow us to prepare the FAU zeolite
nanosheets with huge saving on energy and cost of production. Our

study clearly demonstrates, for the first time, the superior catalytic
behaviors of the hierarchical FAU nanosheets compared with the
conventional FAU zeolite for the benzylation of toluene, which is
one of the most important reactions in the fine chemical industry.
These would be applicable for a green and sustainable catalytic
process.

2. Materials and methods

In the present study, we divided the experiments into three
sections including synthesis of FAU nanosheets, characterization
and catalytic testing as per the following details:

2.1. Synthesis of FAU nanosheets

Sodium hydroxide (NaOH: 97%, Carlo Erba), sodium aluminate
(NaAlO;: 44 wt% NaO and 56 wt% Al,03, Riedel-de Haén) and
sodium silicate (NaySi307: 26.5 wt% SiO; and 10.6 wt% Nay0, Merck)
were used as the mineralizing agent, alumina and silica sources,
respectively. 3-(trimethoxysilyl) propyl octadecyl-dimethyl-
ammonium chloride (TPOAC, 42 wt% in methanol, Aldrich) was
used as the SDA.

The FAU samples were prepared according to the literature with
slight modifications, (Inayat et al., 2012; Khaleel et al., 2014). In a
typical synthesis, the freshly prepared sodium aluminate solution
containing 1.0 g of NaAlO,, 0.5 g of NaOH and 3.2 g of DI water was
dropwisely added into the sodium silicate solution containing 3.7 g
of NaySi307, 0.2 g of NaOH and 11.2 g of DI water. The obtained
mixture was vigorously stirred for 1 h. Subsequently, the desired
amount of TPOAC was added. The resulting mixture was further
stirred for 1 h. The molar composition of the synthesis gel was 3
SiO,: 3.5 Nay0: 1 Al03: 180 Hy0: x TPOAC, where x = 0.01, 0.02,
0.04, 0.06 and 0.08. The gel was aged at 30 °C for 24 h and then
crystallized for 4 days within a desired temperature range
(65—85 °C) in static mode. The product and its waste mother-liquid
were collected by filtration. Then, the product was washed with DI
water until the pH of the filtrate was less than 8. After drying
overnight at 100 °C, the product was calcined in air at 350 °C for
15 h to remove the SDA. The waste mother-liquid was used to
synthesize FAU zeolite in the subsequent recycle experiment.

In comparison, the conventional FAU zeolite samples were also
prepared under the same conditions, but without the addition of
the surfactant. The samples prepared in this study are designated as
“xT-nC” according to the content of TPOAC in the synthesis gel (x)
and the crystallization temperature (n, °C).

2.2. Characterizations

X-ray diffraction (XRD) was performed using a Bruker D8
ADVANCE instrument with CuK,, radiation (30 kV, 40 mA). The data
were collected in the 26 range of 5—50° with a step size 0of 0.02° and
a scan rate of 1°/min. The average crystallite size was estimated
from the Scherrer equation using the full-width at half maximum
(fwhm) of the peaks at 6° [111],16° [331], and 27° [642] (Zhan et al.,
2002).

The morphology of the products was observed by scanning
electron microscopy (SEM) performed on a Hitachi-3400 instru-
ment with an accelerating voltage of 5 kV. Prior to each measure-
ment, the sample was sputtered with a layer of platinum with the
thickness of 2.3 nm. The average particle size and the nanosheet
thickness of the products were estimated from at least 200 parti-
cles. The transmission electron microscopy (TEM) was performed
on a JEOL JEM-2100 microscope at 200 kV. Prior to each measure-
ment, the sample was dispersed in absolute ethanol, dropped and
dried on a copper grid.
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The textural properties of the products were analyzed by the
measurement of the N, adsorption-desorption isotherms using a
Micromeritics ASAP 2020 apparatus performed at —196 °C. Prior to
each measurement, the sample was degassed at 300 °C for 20 h. The
specific surface area (Sggr) was determined by using the Bru-
nauer—Emmett—Teller (BET) theory. The micropore volume (Vi
cro), the micropore area (Spicro) and the external surface area (Sext)
were determined by the t-plot method. The mesopore size distri-
bution was derived from the adsorption and desorpion branches by
using a Barrett-Joyner-Halendat (BJH) model. The total pore volume
(Viotal) Was estimated at P/PO = 0.98 (Storck et al., 1998).

The Si/Al ratio of the products was estimated by X-ray fluores-
cence (XRF) spectrometry performed with a Bruker AXS S4 Pioneer
instrument equipped with a rhodium X-ray source. The nature of
the Al atoms incorporated in the zeolite framework was examined
by the %Al magic angle spinning nuclear magnetic resonance (?’Al
MAS NMR) spectroscopy. The spectra were recorded at
130.322 MHz with an acquisition delay of 4 s, an acquisition time of
0.012 s and 640 scans by using an INOVA-500 spectrometer. The
acidity of catalysts was determined by temperature-programmed
desorption of ammonia (NH3-TPD) performed on a BELCAT II in-
strument equipped with thermal conductivity detectors (TCD).
Prior to the measurement, the catalyst was preheated at 300 °C for
1 h under the flow of He. Then the catalyst was saturated with NH3
at 100 °C for 30 min and subsequently flushed under the flow of He
for 30 min to remove the physically adsorbed NH3. The TPD profiles
were recorded in the temperature range of 100—550 °C with ramp
rate of 10 °Cmin~.

2.3. Catalytic testing

The benzylation of toluene with benzyl chloride was performed
by using a three-necked round-bottom flask equipped with a reflux
condenser at 110 °C. Typically, 25 ml of toluene was added to 0.5 g
of the proton-formed catalysts, which were activated in N, atmo-
sphere at 350 °C for 1 h. The obtained mixture was stirred for
10 min. Then, 5 ml of benzyl chloride was added. The reaction
products were analyzed at certain predetermined times (6, 24 and
30 h) by gas chromatography (GC) performed on an Agilent 7820A
GC instrument equipped with a FID detector and a DB-1 column.
Based on the consumption of benzyl chloride, which acts as the
benzylating agent, as the amount of toluene was in excess, the
conversion and product selectivity were calculated by the following
equations.

Conversion (%) — (wm of consumed benzylchlorlde) 100

wt% of initial benzylchloride

(wt% of desired product) x 100
(wt% of total products)

Selectivity (%) =

3. Results and discussion

This section provides a step-by-step explanation starting from

the effect of crystallization temperatures on the formation of con-
ventional FAU zeolite, the roles of the crystallization temperature
and the surfactant content for the formation of hierarchical FAU
zeolite nanosheet assemblies to the catalytic activity.

3.1. Synthesis of conventional FAU zeolite at various crystallization
temperatures

The FAU zeolites obtained from the synthesis without the
addition of the TPOAC surfactant are shown in Fig. 1. Conventional
FAU crystals with uniform size and shape are observed. The mea-
surement of the average particle size from the low-magnification
image (Fig. 1-a) indicates a narrow size distribution of the parti-
cles. The high-magnification image (Fig. 1-b) reveals an octahedral
crystal shape. The average particle size of the products
(2.0—2.5 um) is found to slightly increase with the increase of the
crystallization temperature (see Table 1 and Fig. S1).

The XRD data delivered evidence of the formation of FAU crys-
tals and agree well with the standard XRD data in JCPDS file no. 39-
0218 as shown in Fig. 2. The XRD pattern and the high intensity
peaks of the synthesized samples indicate the characteristics of FAU
with high crystallinity (see Fig. S2, 0T-65C, 0T-75C and 0T-85C). The
samples crystallized at higher temperatures exhibit slightly sharper
peaks with higher intensities compared to the products crystallized
at lower temperatures. This result is in good agreement with those
observed by SEM, indicating that the products crystallized at the
higher temperature have a more well-defined octahedral shape
than those crystallized at lower temperatures (see Fig. 1-b, S1-b and
S1-d). Moreover, the crystallite size of the products calculated by
the Scherrer equation slightly increases with the increase of the
crystallization temperature in the range of 81—-98 nm (see Table 1).
This range corresponds well with the typical values of bulk FAU
zeolites (Chaves et al., 2012).

The variation of the crystallization temperature induces the
change of the product morphology and the textural properties. The
N, sorption isotherms of the bulk samples prepared without the
addition of TPOAC do not show any hysteresis loop. Only adsorption
at relatively low pressure (P/Pp < 0.2) with a long horizontal plateau
due to the micropore filling, corresponding to the type-I isotherm,
can be observed (Fig. 3a). This finding confirms the presence of sole
micropores, which is of the nature of conventional zeolites. The
micropore size distribution was observed by the micropore analysis
(MP) method as shown in Fig. S3. The average micropore size is
0.7 nm, that confirms the structural pore of FAU zeolite (theoretical
pore diameter of ~0.74 nm). Additionally, the micropore surface
area increases with the increase of crystallization temperature
(777—-842 m?/g at a rising temperature from 65 to 85 °C), whereas
the external surface area does not significantly change, leading to
the enhancement of the total specific surface area (see Table 2). The
suggested reason is the increase of the crystallization rate due to
the increase of temperature (Li et al., 2002; Zhan et al., 2002). This
clearly confirms that the crystallization temperature is an impor-
tant parameter controlling the product characteristics and textural
properties.

3.2. Synthesis of hierarchical FAU zeolite nanosheet assemblies:
roles of the crystallization temperature and the surfactant content in
the synthesis gel

The data regarding the characteristics of the products prepared
by using TPOAC at various crystallization temperatures are also
summarized in Table 1. The results show that the TPOAC is able to
modulate the product characteristics. FAU products with spherical
assemblies (see Fig. 4-a), composing the compact nanosheet-
assembled structure (see Fig. 4-b), were successfully prepared
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Fig. 1. SEM images with a) low and b) high magnifications of the FAU zeolite products prepared without the addition of the TPOAC surfactant. The images are of an 0T-85C sample.

Table 1

Summary of the characteristics of products prepared at various crystallization temperatures.

Sample Morphology Particle size® (um) Thickness® (nm) Crystallite size” (nm)
0T-65C Bulk NaX 2.0+0.2 NA 81
0.01T-65C Nanosheet 31+£03 201 + 29 59
0.02T-65C Nanosheet 3.6 +£0.5 199 + 11 59
0.04T-65C Nanosheet 38+04 175 + 27 47
0.06T-65C Amorphous NA NA NA
0.08T-65C Amorphous NA NA NA
0T-75C Bulk NaX 22 +0.1 NA 98
0.01T-75C Nanosheet 32+02 NA 87
0.02T-75C Nanosheet 35+01 196 + 25 72
0.04T-75C Nanosheet 3.7+0.7 141 + 24 62
0.06T-75C Nanosheet 5.0+ 0.1 134 + 17 60
0.08T-75C Amorphous NA NA NA
0T-85C Bulk NaX 25+03 NA 92
0.01T-85C Bulk NaX 32+03 NA 97
0.02T-85C Bulk NaX 32+02 NA 93
0.04T-85C Nanosheet 37+02 216 + 25 96
0.06T-85C Nanosheet 41 +03 375+ 83 90
0.08T-85C Bulk NaP NA NA NA

2 Estimated from SEM images.
b Analyzed by XRD.

depending on the TPOAC content and the crystallization tempera-
ture. By controlling such parameters, the obtained samples can be
prepared with various morphologies, particle sizes, crystallite sizes,
and textural properties. In the case of nanosheet products, the
thickness of the sheet assemblies can also be tuned. The powder-
XRD patterns reveal that the samples prepared with the addition
of TPOAC compose of the FAU framework without any crystalline
impurities (see Fig. 2). Compared with the conventional FAU
zeolite, the lower peak intensity of the nanosheet samples indicates
lower crystallinity. In addition, when the content of TPOAC is
increased, the peak intensity of nanosheet samples significantly
decreases.

The N, sorption isotherms of the FAU products having the
nanosheet-assembled structure (see Fig. 3b—d, left) typically
exhibit the adsorption at relatively low pressure (P/Pg ~ 0.2) due to
the micropore filling and the hysteresis loop at P/Py ~ 0.45 due to
the capillary condensation in the mesopores. The step-down in the
desorption branch associated with the hysteresis loop closure was
observed in all nanosheet samples. The loop demonstrates the
coexistence of H2 and H3 types, corresponding to the ink-bottle
and slit-shaped mesoporous (or plate-like particle) characteris-
tics, respectively. The pore size distribution data of all nanosheet
samples exhibit both characteristics of the slit-shaped and
inkbottle-type pores with 7—10 nm diameter resulted from the
pore network effect (Fig. 3b—d, right). The contribution of the slit-

shaped and inkbottle pore types in the products depends on the
synthesis conditions.

TEM images also confirm the multilayer stacking of nanosheets
indicating the interstitial mesopores between sheets with slit
shape (Fig. 4c). This result corresponds well with those slit shaped

4 0.08T-750
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Fig. 2. XRD patterns of standard and synthesized FAU zeolites at the crystallization
temperature of 75 °C.
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Fig. 3. N, adsorption-desorption isotherms (left) and BJH pore size distribution (right)
data derived from the adsorption (solid symbol) and desorption branches (open
symbol) of the FAU products with the a) conventional zeolite and b-d) nanosheet-
assembled structures in which the dominant b) slit-shaped and c-d) inkbottle-type
pores with different sizes of cavity and pore entrance are illustrated. The data are
taken from a) 0T-75C, b) 0.01T-65C, c) 0.02T-65C, and d) 0.06T-75C samples.

Table 2
Textural data® of the FAU products prepared with and without the addition of TPOAC
in the synthesis gel at various crystallization temperatures.

Sample SgET Smicro Sext Viotal Vmicro Vmeso
0T-65C 810 777 34 035 0.30 0.05
0.01T-65C 734 560 174 0.50 0.22 0.28
0.02T-65C 606 441 165 0.43 0.17 0.26
0.04T-65C 566 407 160 0.43 0.16 0.27
0T-75C 865 819 46 0.36 0.32 0.04
0.01T-75C 698 571 127 0.41 0.22 0.19
0.02T-75C 645 497 148 043 0.20 0.23
0.04T-75C 665 504 161 0.46 0.20 0.26
0.06T-75C 699 540 159 0.46 0.21 0.25
0T-85C 870 842 28 0.35 0.33 0.02
0.01T-85C 789 736 52 0.33 0.29 0.04
0.02T-85C 819 759 60 0.36 0.30 0.06
0.04T-85C 769 681 88 0.38 0.27 0.11
0.06T-85C 787 686 101 0.42 0.27 0.15

@ Sger (BET specific surface area); Smicro (micropore surface area) by t-plot
method; Sex: (external surface area) by t-plot method; Vi, (total pore volume);
Vhicro (Micropore volume) by t-plot method. Vext = Viotai—Vmicro; The surface areas
and pore volumes are in units of m?/g and cm?/g, respectively.

mesopores observed with ~7 nm diameter by N, sorption iso-
therms. In addition, the presence of another kind of mesopores was
also observed (bright spot in Fig. 4d) that could be ascribed to the
filling of the surfactants and then transformed into meso-cavities
after their removal. This result corresponds well with that re-
ported in the literature (Inayat et al., 2012).

Among the samples crystallized at 65 °C, the average particle
size slightly increases from 3.1 to 3.8 um when the TPOAC amount is
increased from 0.01 to 0.04 (see Table 1 and Fig. S4) whereas the
thickness of the sheet assemblies and the crystallite sizes are
slightly decreased. In addition, the increase of the TPOAC amount
results in the change of textural properties in which significant
decreases of the total surface area and micropore volume are
observed, whereas the external surface area does not significantly
alter. Apparently, the surface area derived from micropores signif-
icantly decreases from 560 to 407 m?/g, resulting in the significant
decrease of the total surface area from 734 to 566 m?/g (Table 2).

In contrast to the conventional zeolite, the micropore volumes
of nanosheet-assemblies decrease by 1.4 times, whereas their
external surface areas increase by up to 5 times compared to those
of the conventional one. Due to the fact that the crystallite size of
FAU nanosheets is significantly smaller than that of the bulk one, it
is not surprising that the microporosity of nanosheet assembled
structures is decreased. However, the factor of an increase in
external surface areas of the nanosheet zeolite is much higher than
that of a decline in the microporous feature. Therefore, it is note-
worthy that the introduction of the nanosheet structure can greatly
improve the external surface area of the materials due to the
additional mesopores/macropores, while the large amount of
microporosity is still preserved.

The further increase of the TPOAC amount to 0.06 leads to the
formation of amorphous materials, which can be clearly observed
from SEM images by their sponge-like appearance (Fig. S4), and
revealed by the absence of crystalline XRD peaks. The result shows
that this amount is in excess, thus disrupting the zeolite crystalli-
zation. This may be explained by the adsorptive competition of the
surfactant to the zeolite precursors, which are forming the crys-
talline framework (Li et al., 2013).

At the crystallization temperature of 75 °C, the nanosheet-
assembled products are obtained by the addition of TPOAC in the
range of 0.02—0.06, while the TPOAC amount of 0.01, the FAU
zeolite with rough surface was observed (see Fig. S4). As the TPOAC
amount is increased, the average particle size is increased, whereas
the thickness of the sheet assemblies and the crystallite sizes are
decreased (Table 1). With the further increase of the TPOAC amount
to 0.04, the nanosheet structure still prevails, but the thickness of
the sheet significantly decreases, resulting in the noticeable in-
crease of the external surface area and the total pore volume
(Table 2). With the TPOAC amount of 0.06, the average particle size
of the products considerably increases from ~3.7 to ~5.0 pm.
However, this behavior does not have much influence on the
textural properties. The further addition of the amount of TPOAC to
0.08 leads to the formation of amorphous materials.

To illustrate the benefits of the recyclable synthesis, the waste
mother-liquid from the first batch synthesis was also used to syn-
thesize hierarchical FAU zeolite nanosheet assemblies at the crys-
tallization temperature of 75 °C in order to reuse the non-reacted
species, such as Si, Al, and TPOAC surfactant remained in the
mother liquid. The XRD pattern of zeolite product obtained by
recycling the mother liquid reveals a significant presence of FAU
crystalline phase as shown in Fig. S5a. However, the GIS crystalline
structure (a competitive crystalline phase of FAU) also appears. The
SEM image exhibits two different morphologies of crystals.
Although the coexistence of nanosheet assemblies and large
spherical crystal morphology of GIS zeolite was observed (Fig. S5b),
the recyclable synthesis would be possible and it is considered as an
eco-friendly synthetic strategy. However, this strategy needs to be
further optimized including exact supplementary compensation of
the consumed zeolite precursors and the corrected pH adjustment
in order to get the hierarchical FAU zeolite nanosheet assemblies
without the presence of GIS structure.
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Fig. 4. SEM images with a) low and b) high magnifications and c-d) TEM images of the nanosheet-assembled FAU products. The images are taken from the 0.06T-75C samples.

For the samples crystallized at 85 °C, with the addition of TPOAC
in the range of 0.01—0.02 only the formation of FAU products with
normal conventional crystal appearance (octahedral shape) is ob-
tained (see Table 1 and Fig. S4). It should be noted that such a small
addition of TPOAC cannot bring about the formation of FAU nano-
sheets, unlike in the case of the lower temperatures (65 and 75 °C)
in which the nanosheets start to be formed when the TPOAC
amount is 0.01. This finding shows that at a relatively high crys-
tallization temperature, a high amount of surfactant is required to
tailor the nanosheet structure. The reason for this is suggested in
two ways. Firstly, because at the higher temperature (85 °C) crystal
growth occurs more rapidly compared with that at the lower
temperatures and thus the formation of bulk zeolites tends to
occur. Therefore, a larger amount of the surfactant is required for
preventing the formation of bulk products, and yielding the
nanosheet products. Secondly, the formation of the lamellar
structure is less favorable when the temperature is increased (Li
et al.,, 2013).

The further addition of TPOAC in the range of 0.04—0.06 suc-
cessfully yields the FAU nanosheets (see Fig. S4). The increase of the
TPOAC amount results in the increase of the average particle size of
the products and the thickness of the sheets (see Table 1). These
alterations signify the gradual structural change to the bulk crys-
tals. The average thickness is increased by ~2 times compared with
the case of 65 and 75 °C. The reason is due to the fact that the faster
crystal growth-rate at high temperature influences the enlarge-
ment of the crystal size. Moreover, the increase of the average sheet
thickness with the increase of the amount of TPOAC is only found in
this case. This result corresponds to that in the case of the TPOAC
amount being 0.08 in which bulk GIS is achieved instead of amor-
phous material. Therefore, it can be deduced that at the relatively

high crystallization temperature of 85 °C where the bulk materials
tend to be crystallized, together with a high amount of TPOAC leads
to the formation of another more stable zeolite framework.

All of the products in this study are prepared to a constant Si/Al
ratio of ~1.24 (see Table S1). This value agrees well with the typical
values reported for FAU type zeolite X (Si/Al ~ 1.0—1.5) (Inayat et al.,
2012; Zhan et al,, 2002). The results show that TPOAC is able to
modulate the product characteristics while the Si/Al ratio of the
products (~1.24) is independent (see Table S1). The 2’Al MAS NMR
spectra of the products are typically composed of a strong peak at
the chemical shift of ~65 ppm (see Fig. S6), corresponding to the
tetrahedrally coordinated Al in the zeolite framework. A peak at the
chemical shift of 0 ppm that corresponds to the extra-framework,
octahedrally coordinated Al was not observed. The findings indi-
cate that all Al atoms were completely incorporated into the
framework.

The acidity of conventional and nanosheet zeolites was inves-
tigated by the NH3-TPD. As a comparison, the TPD profiles of Na-
form and H-exchanged zeolites were shown in Fig. S7. The TPD
profile of Na-form zeolite exhibits a major desorption peak at
230 °C with shoulder at 300 °C indicating the presence of weak
Lewis acid site resulted from Na cations located at different sites in
FAU zeolite (Song et al., 2012). The TPD profiles of exchanged
conventional and nanosheet zeolites consist of two major desorp-
tion peaks, indicating the existence of two types of acid sites. The
peak centered at 250 °C is attributed to the weak Lewis acid sites
and the high-temperature desorption peaking at 450 °C corre-
sponds to the strong Brgnsted acid sites. The total amount of des-
orbed NH3 molecules derived from integral areas of NHs-TPD
curves for conventional and nanosheet zeolites are 1.47 and
1.49 mmol/g, respectively. Such results clearly indicate that the acid
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strength and acid density of both catalysts are comparable.

In summary, our simple optimization of the surfactant content
in the synthesis gel and the crystallization temperature shows that
hierarchical FAU nanosheet assemblies can be prepared at the low
temperature of 65 °C with a low content of SDA of about 0.01.
Moreover, such FAU nanosheets exhibit high external surface areas
(174 m?/g) and high pore volumes (0.50 cm?/g) that might be the
promising aspect for using them as catalysts in the catalytic re-
actions involving bulky molecules. Considering the preparation
procedures of hierarchical nanosheets that are very simple as well
as of relatively low temperature synthesis and low use of SDA, a
huge saving on energy and cost of production would be great
benefits to industry.

3.3. Catalytic activity

To evaluate the catalytic activity of hierarchical FAU nanosheets,
the benzylation of toluene with benzyl chloride, which involves the
bulky molecules as reactants and products (Scheme 1) was used as
the model reaction. The main products of this reaction are three
isomers of benzyltoluene (BTol), o-, m- and p-benzyltoluene and
the by-products are dibenzyltoluene (dBtols) and tribenzyltoluene
(tBtols). The conversion and product selectivity of the reaction over
four catalysts prepared with various synthesis conditions (0T-75C,
0.01T-75C, 0.06T-75C and 0.01T-65C) owing to their different
textural properties (ratio of micropore volume to mesopore vol-
ume) are summarized in Table 3.

In the early period of the reaction (<6 h), the conventional FAU
zeolite (0T-75C with the highest Viicro/Vmeso ratio of 8.00) shows a
very low catalytic activity with the conversion of only 8.78%. This is
the result of excellent micropore characteristics (high BET specific
surface area of up to 865 m?/g, mainly derived from the micropores,
see Table 2). In contrast, the zeolite nanosheets in which the Viicro/
Vmeso ratio are in range of 0.79—1.16, exhibit relatively higher cat-
alytic activity under the same reaction conditions, even though
they have relatively lower BET specific surface area (698—734 m?/
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Scheme 1. Benzylation of toluene with benzyl chloride.
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g). Because there is a higher mesoporous feature in nanosheet
zeolite compared with the conventional zeolite while the acidic
property is comparable as demonstrated by NHs-TPD. This makes it
clear that the improvement in the catalytic activity of the zeolite
nanosheets is due to the increase of mesoporosity, and conse-
quently, the possible accessibility of molecules to the active sites is
enhanced.

With the reaction time of 24 h, the percentage of conversion
increases to 18.30% in the case of conventional FAU zeolite. How-
ever, when the reaction time is further prolonged to 30 h, the re-
action conversion remains almost the same (18.83%). In strong
contrast to this, the catalytic activities of the zeolite nanosheets are
3—4 times higher than that of the conventional zeolite. These
findings strongly point out that zeolite nanosheets deliver superior
catalytic activity over conventional one for the benzylation of
toluene with benzyl chloride. Among the zeolite nanosheet sam-
ples, their catalytic activity depends on their mesoporosity, espe-
cially the 0.01T-65C sample (with lowest Viicro/Vimeso ratio of 0.79)
has significantly higher catalytic activity compared with the other
ones.

The product selectivity towards BTol of up to 90% for all FAU
samples, irrespective of reaction time indicates that the FAU zeolite
typically exhibits high selectivity to two benzylated products where
p-BTol is more dominant than the others. The distribution of BTol
isomers is similar in all samples with the ratio of p-to o-isomers of
about 1.5, which is higher than our previous work on the FER
nanosheets with the lack of shape selectivity (Wuamprakhon et al.,
2016), in which the ratio of p-to o-isomers is close to 1 due to the
small pore size of the FER framework that allows the reaction to
take place only on the external surface area of FER zeolite. These
results signify that the benzylation of toluene takes place on the
acidic sites inside the pores of FAU zeolites resulting in the mo-
lecular shape selectivity to the p-isomer (Coq et al., 1993).

All of the results indicate that FAU zeolite nanosheets can greatly
enhance the catalytic activities of benzylation of toluene with
benzyl chloride compared to conventional FAU zeolite, while the
selectivity of the product due to the shape selectivity of the zeolite
framework can be preserved. This would be a benefit of using such
zeolite nanosheets in the clean synthesis of fine chemicals that
allows the reduction of undesirable products. Compared to con-
ventional catalysts such as HF and H,SO4, a greener process through
reducing wastes and avoiding the use of toxic chemicals can be
achieved by using the zeolite nanosheet catalysts. From this view,
this well-designed catalyst has great potential to be used in clean
technologies in the fine chemical industry. In this way, the

Catalytic performances of the conventional and nanosheet FAU zeolite samples with different mesopore contents for the benzylation of toluene with benzylchloride.

Catalyst Ratio of Viicro/Vimeso Time (h) %Conversion® (%) %Selectivity” (%)
BTol Isomer
m- o- p-
0T-75C 8.00 6 8.78 90.55 6.72 34.62 49.20
24 18.30 94.64 6.89 35.25 52.51
30 18.83 95.01 6.90 35.42 52.68
0.01T-75C 1.16 6 13.34 95.35 6.97 36.21 52.17
24 3245 95.93 6.63 35.19 54.11
30 36.53 95.81 6.60 35.07 54.15
0.06T-75C 0.84 6 19.90 93.93 6.73 35.83 54.37
24 57.51 93.57 6.16 33.89 53.52
30 68.36 92.25 6.04 33.24 52.97
0.01T-65C 0.79 6 26.74 95.81 6.47 35.34 54.00
24 71.32 92.57 5.97 33.57 53.03
30 75.08 92.25 5.94 3343 52.88

2 %Conversion = (wt% of consumed benzylchloride/wt% of initial benzylchloride) x 100 (%).

b %Selectivity = (wt% of desired product/wt %of total products) x 100 (%).
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advantages in terms of economic and environmental points of view
are accomplished.

4. Conclusions

The nanosheet-assembled FAU zeolites with the tunable
textural properties were successfully prepared by using an orga-
nosilane surfactant, TPOAC, as a structure directing agent. The
morphologies and textural properties of the products are tailored
by controlling the synthesis parameters, including the surfactant
content in the synthesis gel and the crystallization temperature.
The particle size, the thickness of the sheet assemblies, the crys-
tallite size and the textural properties of the nanosheet products
are varied depending on both synthesis parameters. Moreover, a
greener synthesis would be possible by recycling the waste mother-
liquid, which effectively reduces environmental pollution.

The catalytic study reveals that the nanosheet nature brings not
only the relatively higher conversion for the benzylation of toluene
with benzylchloride compared with the conventional FAU, but also
preserved the product selectivity due to the shape-selective zeolite
framework. All FAU samples exhibit high selectivity to BTol isomers
in which the p-BTol is the most predominant. This first example
demonstrates that FAU nanosheets have been successfully prepared
and simply controlled by adjustments of the SDA content and
crystallization temperature as well as it opens up interesting per-
spectives for the design of new industrial catalysts for potential
catalytic reactions. This also demonstrates the next step forward in
the development of an industrial catalyst based on the concept of
cleaner production.
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Abstract: The conversion of bioethanol to light olefins is one of the most promising reactions
in green catalytic processes. Here we report the application of novel designed hierarchical
zeolites in the light olefin production from bioethanol. The hierarchical zeolites have been
successfully prepared by a one-pot hydrothermal synthesis. The designed hierarchical zeolites
exhibit the superior physicochemical properties with an increase of mesoporosity (~30 %)
compared with a commercial one. To illustrate the beneficial effect of hierarchical structures
on the catalytic performance of bioethanol conversion, the catalytic study was carried out
using a fixed-bed reactor at 300-500 °C under an atmospheric pressure. Interestingly, the
hierarchical zeolite exhibits the outstanding catalytic activity with the high yield of light
olefins approximately by 90%. In addition, the catalyst lifetime of hierarchical zeolite can be
significantly improved, whereas the rapid catalyst deactivation of a conventional catalyst is
observed after 10 hours of time-on-stream (TOS). This example opens up interesting
perspectives for the application of hierarchical zeolites in the transformation of substrates-
derived from biomass to high value-added chemicals via a green chemistry approach.

1. Introduction

Light olefins (e.g. ethylene, propylene,
and butylene) are important intermediates
to  produce  substantial derivative
compounds such as polyethylene and
polypolylene.! One of the most popular
processes to produce light olefins, in
particular ethylene, is based on the naphtha
thermal cracking process. However, it often
suffers from many disadvantages such as
high  operating cost and  energy
consumption because it operates at very
high temperature (700-850°C).2 Moreover,
a non-environmentally friendly process is a
concerning issue due to the release of toxic
gases.®

An alternative way to produce light
olefins is the catalytic conversion of
bioethanol to light olefins, which is
considered as a greener process because
biomass  renewable  resources  are

transformed into high value-added products
at much lower energy consumption.*
Although this reaction can be catalyzed
by various solid-acid catalysts, the most
popular one is based on using zeolites as
catalysts.* They are aluminosilicate
compounds with three-dimensional regular
framework and microporous structures.®
Among them, the HZSM-5 having the MFI
zeolitic framework has been widely used in
many potential catalytic applications due to
its unique acid-base properties and high
mechanical-thermal stability.> However,
the conventional HZSM-5 catalyst suffers
from many drawbacks, in particular, a short
catalyst lifetime due to the pore blockage of
cokes.” The hierarchical HZSM-5 catalyst

is one of the most interesting developed
catalysts to improve the catalytic stability
of many reactions®.

There are many synthesis approaches
that can be used to create the hierarchical
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structure, in particular, the synthesis of
hierarchical zeolites via a soft template
approach using a one-pot hydrothermal
process in the presence of self-assembly of
organosilane template as a hierarchical
porogen.®!

In the present study, we synthesize the
hierarchical HZSM-5 via a one-pot
hydrothermal process by a soft-template
approach to improve physicochemical
properties of catalysts. In addition,
catalytic performances of the bioethanol
conversion to light olefins over synthesized
hierarchical zeolites are compared with that
of the conventional HZSM-5 having similar
acidity.

2. Materials and Methods
2.1 Catalyst Preparation

The  conventional ZSM-5  and
hierarchical ZSM-5 were synthesized by a
one-pot  hydrothermal  method. The
conventional zeolite was crystallized at 180
°C for 72 hours using the mixture of 3.50 g
of TEOS, 0.014 g of aluminum
isopropoxide and 2.02 g of TPAOH.
Finally, the solid products were calcined at
650 °C for 8 hours.

As for the synthesis of hierarchical
ZSM-5, the above-procedure was modified
by using a soft template approach.
Finally, HZSM-5 samples were prepared

via a conventional ion-exchange by using
0.1 M of NH4CI solution and subsequently
calcined at 650 °C for 6 hours.

2.2 Catalyst Characterization

The physical and chemical properties of
the prepared catalysts were investigated by
various characterization techniques. For
instance, powder X-ray diffraction (XRD)
patterns were used to identify crystalline
phases. Chemical compositions were
analyzed by Wavelength-Dispersive X-ray
Fluorescence  Spectrometer (WDXRF).
Physisorption measurements were used to

analyze specific surface area (Sgem,
micropore surface areapore volume, and
mesopore size distribution, which are
calculated by the Brunauer-Emmett-Teller
(BET) method, tplot method and Barrett-
Joyner-Halenda (BJH) model, respectively.
Chemisorption analysis via NH3-TPD
technique was used to investigate acidity-
basicity properties of the catalysts and the
morphology of the synthesized samples
was investigated by scanning electron
microscopy (SEM) and transmission

electron microscopy (TEM) technique.

2.2 Catalytic testing of bioethanol
conversion

To investigate the beneficial effect of
catalysts, the ethanol conversion was
performed using a down-flow fixed-bed
reactor. Prior to the catalytic study, the
prepared catalysts were activated under N2
stream at 50 ml/min for 2 hours at 500 °C.
After that, the reactor temperature was
cooled down to the reaction temperature
(300-500 °C) wunder an atmospheric
pressure with the N> carrier gas.
Subsequently, the ethanol feed was
introduced into the reactor with the weight
hourly space velocities (WHSV) of 23.3 ht
The products were detected by an online
gas chromatograph (GC) (Agilent 7820A)
equipped with a FID detector and a
PoraBOND Q Capillary GC Columns (10 m

0.25 mmy at an interval time of 1 h.

3. Results & Discussion
3.1 Characterization of hierarchical
HZSM-5 catalysts

Fig.1 reveals XRD patterns of the
synthesized samples (CON-HZSM-5 (A)
and Hie-HZSM-5 (B) representing the
conventional zeolite and hierarchical
HZSM-5, respectively). It clearly shows
that the synthesized samples compose of
highly crystalline MFI framework without
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the contamination of any other crystalline
phases.

The morphology and structure of the
synthesized catalysts are obtained as shown
in Fig. 2. Interestingly, the different
morphologies of the conventional zeolite
and hierarchical HZSM-5 can be observed.
For example, the conventional HZSM-5
exhibits cubic-shaped crystalline structures,
while the shape of hierarchical HZSM-5 is
spherical crystals with self-assemblies of
nanolayers. The regular stack of layered
assembly generates secondary porous
structures in the zeolite crystals.°
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Figure 1. XRD patterns of the synthesized
samples (A) CON-HZSM-5 and (B) Hie-
HZSM-5.

The textural properties of the synthesized
catalysts were investigated by N2
physisorption technique. According to the
adsorption-desorption isotherm for the
conventional HZSM-5 sample, it exhibited
the type | isotherm due to a micopore
filling (Fig. 3). In strong contrast to this,
the hierarchical HZSM-5 sample displayed
the presence of hysteresis loop at a high
relative pressure due to a capillary
condensation effect into mesopores and
macropores.

The table 1 demonstrates summarized
physical and textural properties of the
synthesized catalysts. The results indicate
that the hierarchical structure can greatly
enhance the external surface area

Figure 2. SEM images of (A) CON-
HZSM-5 and (B) Hie-HZSM-5 and (C)
TEM image of Hie-HZSM-5.

and total pore volume due to the assemblies
of nanolayers and interparticle voids, which
are also confirmed the presence of
mesopores in the range of 26 — 30 nm
obtained from BJH method (Fig. 4).
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Figure 3. N2 physisorption-isotherms of
(A) CON-HZSM-5 and (B) Hie-HZSM-5.
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Table 1. Physical and textural properties of the synthesized catalysts obtained from N>

adsorption measurement.

Samples Si/Al2 Sger” Smicro” Sext? Viotal® Vmicro' Vext? Sext/Sget”
CON-HZSM-5 38 408 385 23 0.22 0.18 0.04 0.06
Hie- HZSM-5 37 448 287 161 1.02 0.12 0.90 0.36

aSj/Al obtained by WXRF. PBET specific surface area (m?/g). °micropore surface area (m2/g). %xternal surface
area (m?/g).¢ total pore volume obtained at P/Po=0.99 (cm%g). 'micropore volume (cm®g) .9external pore

volume (cm®/g). "external surface area proportion.
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Figure 4. BJH pore size distribution of
Hie-HZSM-5 sample.

The acidic properties of the synthesized
catalysts were analyzed via chemisorption
technique with NH3-TPD method as
shown in Fig. 5. It was found that both
samples compose of weak acid sites and
strong acid sites for which the peak at 220
and 450 °C can be observed, respectively.
It was also mentioned that the amount of
the acid density of both samples is
comparable (~0.20 mmol/g obtained by the
deconvolution technique).
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Figure 5. NHs3-TPD profiles of (A) CON-
HZSM-5and (B) Hie-HZSM-5.

3.2 Catalytic activity in the bioethanol
dehydration process

To illustrate the benefits of hierarchical
structures of HZSM-5, the catalytic
conversion of bioethanol to light olefins as
a function of time-on stream (TOS) was
studied as shown in Fig.6. Compared with
the conventional HZSM-5 having similar
acidic property, the hierarchical HZSM-5
can greatly improve the catalytic activity
of the ethanol conversion. Interestingly,
the catalyst lifetime of hierarchical zeolite
was also improved as shown that the
catalytic stability is still very high even
after 15 hours of TOS, whereas the rapid
deactivation of a conventional zeolite was
observed after 4 hours of TOS. This makes
it clear that the hierarchical samples can
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prevent the catalyst deactivation due to the
reduction of diffusion path length,
resulting in a decrease of coke formation
into the microporous structures, $3-1°
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Figure 6. Ethanol conversion over (A)
CON-HZSM-5 and (B) Hie-HZSM-5
catalysts having a similar Si/Al ratio
obtained under the same reaction
condition: 300 °C, 1 atm, 23.30 h*and 15
hours of TOS.

Not only the catalytic activity but also
the light olefin yield over the hierarchical
HZSM-5 increases compared with the
conventional HZSM-5 as shown in Fig. 7.
In particular, the yield of ethylene over the
hierarchical HZSM-5 is almost 90%.
However, the yield of diethyl-ether (DEE)
slightly decreases over the hierarchical
sample.

4. Conclusion

Compared with the conventional zeolite,
the  physicochemical  properties  of
hierarchical HZSM-5 catalyst obtained by
a one-pot hydrothermal synthesis using a
soft template approach can be greatly
improved. This modified catalyst, as
expected, leads to increase the

100 I Ethylene
[_1Propylene
I DEE
80 I BTEX
I C4+
. 60
S
3
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CON-HZSM-5 Hie-HZSM-5

Figure 7. Yield of desired products
obtained over the conventional HZSM-5
(CON-HZSM-5) and the hierarchical
HZSM-5 (Hie-HZSM-5) having the
similar Si/Al ratio obtained under the same
reaction conditions: 300 °C, 1 atm, and
23.30 ht and 15 hours of TOS.

catalytic activity and the catalyst lifetime
of the ethanol dehydration to ethylene.
Furthermore, the yield of light olefins,
especially, ethylene can be dramatically
enhanced (85 % and 55% for the
hierarchical zeolite and the conventional
one, respectively). This example opens up
interesting perspectives for the application
of  hierarchical  zeolites in  the
transformation of substrates-derived from
biomass to high value-added chemicals.
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ABSTRACT

The development of hierarchical zeolites is a major scientific and industrial challenge due to their
outstanding properties, such as high surface area, high thermal/chemical stability, high acidity, and
appropriate shape selectivity so that they have been applied for a large number of potential applications*.
Here we report the fabrication of various hierarchical zeolite nanosheets (e.g., FER, Ga-HZSM5, FAU,
Pt/Silicalite-1 etc.) obtained by a one-pot hydrothermal process®®. The obtained zeolites exhibit not only a
different morphology, but also a higher hierarchy factor (HF) compared with that obtained in the case of
conventional zeolites. This results in an improvement of the catalytic performances in terms of activities,
product selectivity, and catalyst stability for various potential petrochemical catalytic applications, such as
alkylation, aromatization and dehydrogenation of propane. For example, significantly improved catalytic
activity of benzylation of toluene with benzyl chloride was observed over the FER nanosheet (82% and
14% conversion efficiency in the cases of the FER nanosheet and the conventional FER, respectively)®. In
addition to a monofunctional zeolite, the galloaluminosilicate nanosheets also exhibit outstanding catalytic
properties, in terms of activity (60 and 20% for propane conversion over the hierarchical Ga/HZSM-5 and
the conventional zeolite, respectively), BTX selectivity (almost three times higher compared with
conventional zeolite), and significant reduction of deposited coke for conversion of propane?. These are
complementary to the nanolayered-materials design on various types of zeolite structures and open up the
development of heterogeneous catalysts for various petrochemical reactions.
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Figure 1. Propane aromatization over hierarchical bifunctional zeolite nanosheets as an example application.
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ABSTRACT

Hierarchical zeolite nanosheets have emerged as an effective technology in the field of industrial
applications owing to their improved diffusion efficiency. Many types of hierarchical zeolite nanosheets (e.g.,
FER, MFI, MOR, FAU, etc.) have been successfully prepared and exhibit outstanding performances in
various catalytic applications.2? However, the opening perspectives of catalytic reactions over FAU-type
zeolite nanosheets have been rarely reported.! Herein, we present a potential application of hierarchical
FAU-type zeolite nanosheets featuring basic sites in Aldol condensation which is one of the most important
steps for the upgrading of biomass to biofuel. The FAU-type zeolite nanosheets were synthesized via an
amphiphilic organosilane as a structure-directing agent (SDA) and transformed as a basic catalyst by ion-
exchange with alkaline earth metals. The structural and physicochemical properties were extensively
characterized by means of XRD, SEM-EDS, TEM, Nz-sorption and CO.-TPD. To illustrate the beneficial
effect of the hierarchical structure, the aldol condensation of various aldehydes, including the self-
condensation of acetaldehyde and the aldol condensation of 5-(Hydroxymethyl)furfural (5-HMF) with
acetone was tested over alkaline-earth exchanged FAU nanosheets. It was found that the catalytic activity in
the self-condensation of acetaldehyde over FAU nanosheets and their corresponding conventional zeolite is
comparable. Interestingly, FAU nanosheets exhibit superior performances over the conventional one in the
condensation of 5-HMF with acetone. These results signified that the hierarchical structure overcomes the
diffusion limitation resulting from the large molecular size of aldehyde reactants. In addition, the reusability
experiment also exhibited that zeolite nanosheets are able to restore their activity even after several reaction
cycles.
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Figure 1. Characterizations of hierarchical FAU-type zeolite nanosheets: a) SEM, b) TEM and ¢) N2z sorption
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ABSTRACT

The design of hierarchical zeolites is of crucial importance because of their advantages such as, high external
surface area, high thermal stability, and excellent catalytic performance. Unfortunately, they are often
obtained by the high cost of synthesis method. In order to overcome such a problem, the zeolite has been
successfully prepared using a silica raw material derived from available renewable resources such as fly ash
and rice husk.2 However, the synthesis of hierarchical zeolite nanosheets using renewable resources has not
been demonstrated so far.® Herein, we demonstrate the novel design of the hierarchical faujasite (FAU)
nanosheets using a silica source obtained from a corn cob ash (CCA). An extracted silica with very high
purity (>99.5 %) has been prepared from a corn cob ash by the sol-gel method.* Subsequently, the
hierarchical faujasite nanosheets have been synthesized via a hydrothermal synthesis using an organosilane,
dimethyloctadecyl [3- (trimethoxysilyl) propyl] ammonium chloride (TPOAC) as a structure-directing agent
(SDA) together with the obtained extracted amorphous silica. Interestingly, a surface morphology of the
hierarchical FAU nanosheets can be easily tuned by changing the SDA content and the crystallization
temperature. For example, when increasing the crystallization temperature from 75°C to 85°C, the crystal
growth was improved significantly confirmed by means of XRD and SEM. Interestingly, the nanosheets
morphologies can be straightforwardly adjusted by changing the SDA content in the range of 0.015-0.045
mole fraction. Moreover, the obtained hierarchical FAU samples exhibit outstanding catalytic properties for

the hydrogenation of alkylphenols compared W|th the conventlonal materials.
Application
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Figure 1. Schematic illustration of the synthetic process for hierarchical faujasite nanosheets using green renewable resources as
silica source and its application.
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ABSTRACT

The bioethanol dehydration via solid acid catalysts such as zeolites and heteropoly acid catalysts is one of the
most important ways to produe the ethylene as the important intermediate for petrochemical industry.
Although a conventional MFI zeolite has been widely used in the process, it often suffers from the mass
transfer limitation, exhibiting low activity and high coke formation rate. To overcome these problems, the
hierarchical MFI zeolite nanosheet can be applied. In this work, hierarchical MFI zeolite nanosheets having
various Si/Al ratios have been successfully prepared by a hydrothermal synthesis using tetra(n-butyl)
phosphonium hydroxide (TBPOH) as a dual template. The designed hierarchical zeolites exhibit the
preferable physicochemical properties with an increase of mesoporosity (~30 %) compared with a
corresponding commercial zeolite. To demonstrate the application of hierarchical zeolite in the bioethanol
conversion, the catalytic tests were carried out using a fixed-bed reactor at 350-450 °C under an atmospheric
pressure. The hierarchical MFI exhibits the superior catalytic activity with yielding light olefins over 80% due
to their hierarchical structure that can greatly improve the mass transfer limitation and the thermal stability of
catalysts. Furthermore, the effect of Si/Al ratios of hierarchical zeolites on catalytic mechanisms will be
systematically discussed.
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Abstract

Natural gases d.e, methane, ethane, propane, etc) have been discovered in large quantities
throughout the world. The conversion of natural gases to high value-added chemicals can be more
economically sustainable. One technique for converting natural gases has been achieved by a zeolite -
based process as green catalyst d.e. non-toxic, environmentally friendly). Herein, we have been
successfully prepared H-galloaluminosilicate (MFI) zeolite nonosheets by using a tetrabutylphosphonium
ion (TBPOH) in a one-pot reaction via a hydrothermal synthesis. A molecular highway mesoporous
structure has been created due to the house-of-card assembly of nanosheets®?, resulting in a decrease of
the microporous diffusion length and an increase of the external surface area. The obtained samples were
characterized by means of X-ray diffraction (XRD), Scanning Electron Microscopy (SEM), Transmission
Electron Microscopy (TEM), N2 sorption technique, NHs Temperature Programmed Desorption (NHs-
TPD)and 2’ Al NMR spectroscopy. Because of the benefits of bifunctional metalloaluminosilicate zeolites

compared with an aluminosilicate zeolite, for example, the presence of Ga active sites leads to high
selectivity of the dehydrogenation and reduction of a coke formation, the catalytic performances of the
H-galloaluminosilicate (MFI) zeolite nonosheets can be greatly improved for the conversion of natural

gas in terms of the activity and the stability of catalysts.
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Abstract

The novel composite of faujasite and zeolitic imidazolate framework (FAU@ZIF-8) in coresshell
structures has been successfully prepared via a layer-by-layer method. The ZIF-8 nanospheres were
attached on the external surfaces of the amine-grafted FAU crystals. The synthesized FAU@ZIF-8
composite was characterized by means of XRD, FT-IR, TGA, SEM, TEM, Nz adsorption technique, NHz-
TPD and CA equipment. Compared to the direct growth of MOF materials on the zeolite surfaces (1-4y,
the ZIF-8 particle size and the thickness of shell obtained by this method can be easily controlled by
adjusting the number of deposited MOF layers. For example, a size of ZIF-8 nanospheres is approximately
37 nm when a number of deposited MOF layers are 15 layers. The novel designed FAU@ZIF-8 composite
can also enhance the hydrophobicity of zeolite surface due to the MOF surface-layer characteristics
whereas its acidity does not significantly change. This first example demonstrates the simple and
controllable synthesis method of zeolite@MOF composite and it is expected to be useful for the aqueous-
phase reactions which are green chemistry.

Scheme 1. Schematic illustration of the synthetic process for FAU@ZIF-8 composite obtained by a

Amine functionalization ~ Zn* functionalization | 2-methylimidazole functionalize FAU@ZIF-8 material
by aminosilane as metal center of ZIF-8 as organic ligand of ZIF-8 in multilayers of ZIF-8
»

Conventional
Faujasite

layer-by-layer method.
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The development of materials with chiral features is a major scientific
challenge due to a large number of potential applications ranging from sensing to
catalysis and separation. Although the molecular imprinting approach has been
successfully employed using polymers for generating materials with enantioselective
properties, it is particularly difficult to synthesize chiral metal matrices by this method.
We report here the elaboration of chiral imprinted mesoporous metal, obtained by the
electrochemical reduction of platinum salts in the simultaneous presence of a liquid
crystal phase and chiral template molecules [1, 2]. The chiral encoded mesoporous
metal perfectly retains the chiral information after removal of the template and shows
a very significant discrimination between two enantiomers when using these materials
as electrodes in Differential Pulse Voltammetry. Interestingly, such nanostructured
metals are also able to break the symmetry during the electrochemical synthesis of
mandelic acid as model molecule [3]. It was found that the R/S ratio of the synthesis
product is higher than unity when using (R)-imprinted electrodes and vice versa for
the (S)-imprinted ones. In order to illustrate the general validity of this approach, we
were able to extend the concept also to other chiral template molecules, which lead to
chiral encoded nanostructures. Therefore these designer surfaces open new horizons
not only for electroanalysis and separation science, but also for enantioselective
electrosynthesis.
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