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Mesoporous zeolite beta in pure-silica form and its analogues, including aluminosilicate, stannosilicate,
and titanosilicate, were synthesized at near-neutral pH in the presence of ﬂuoride ion as a mineralizer
and piperidinium-functionalized multiammonium surfactant as a zeolite structure-directing agent (SDA).
During hydrothermal synthesis, the surfactant headgroup generated zeolite beta frameworks with a
thickness of 9 nm while numerous surfactant molecules were self-organized to form a nanosponge-like
mesostructure in a disordered manner. The mesopores generated after calcination to remove the surfactant were highly uniform and further tailored with diameters in the range of 3.2e4.5 nm according to
the surfactant tail lengths. MFI zeolite was also synthesized with a nanosheet morphology using
C16H33eNþ(CH3)2eC6H12eNþ(CH3)2eC6H13 as the SDA in ﬂuoride media. The zeolite samples obtained in
this manner exhibited remarkably enhanced thermal stability, Brønsted acid strength, and hydrophobic
nature compared to those synthesized at a high pH using OH as the mineralizer due to the reduced
defect sites, as conﬁrmed by 29Si MAS NMR and FT-IR measurements. Due to these advantages, the
mesoporous zeolite beta obtained in the ﬂuoride media exhibited high catalytic activity in esteriﬁcation
of oleic acid with methanol.
© 2016 Elsevier Inc. All rights reserved.
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1. Introduction
Zeolites, or microporous crystalline aluminosilicates, are widely
used as solid acid catalysts in various applications, due to their high
thermal stability and molecular sieving effects [1,2]. The use of
zeolites as solid catalysts can be extended beyond acid catalysis by
incorporating transition metal atoms into the zeolite framework
[3e5]. A representative example is the Ti-containing zeolite, which
is widely used as an oxidation catalyst [3]. However, these zeolites
can only be applied to small molecules that can diffuse through the
micropore apertures. Bulkier substrates cannot reach catalytic
active sites (e.g., Al or Ti sites) that are located inside the micropores. The diffusion problem can be resolved by generating mesopores through the zeolite framework so that the active sites can be
exposed at the mesopore walls [6e8]. The mesopore walls can also
be used as a host to support highly dispersed transition metal
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nanoparticles having catalytic functions [9,10]. Due to these possibilities, zeolites possessing mesopores and micropores simultaneously (in short, ‘mesoporous zeolite’) have attracted much
attention in recent years.
In current researches on mesoporous zeolites, one of the most
important issues is to improve acidity and stabilities against heating and various chemicals. Mesopore generation is accompanied by
the formation of surface sites that are terminated with silanols.
These surface sites are regarded as defects, which decrease the
material's chemical and hydrothermal stabilities [11,12]. Catalytic
active sites at such mesopore walls can be leached out more easily
than those located inside micropores, leading to loss of catalytic
activity under harsh reaction conditions. In addition, due to the
presence of hydrophilic silanols, the surface defects can negatively
affect in organic reactions [13].
Zeolites are commonly synthesized from amorphous aluminosilicate gels under hydrothermal condition in basic media. Under
basic condition, a mineralizer is OH ion, whose role is to facilitate
the transformation of amorphous silica species to crystalline
frameworks. This role of OH ion as a mineralizer can be replaced
by ﬂuoride ion [14]. Flanigen and Patton ﬁrstly demonstrated the
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use of F ion as a mineralizer in silicalite-1 synthesis [15]. Since
then, a variety of bulk zeolites with various types of structures have
been synthesized via the ﬂuoride-mediated synthesis [16]. The
zeolites obtained from ﬂuoride-mediated synthesis condition
typically exhibited enhanced hydrothermal stability and hydrophobicity due to the reduced defect sites. This was attributed to
that ﬂuoride-mediated syntheses are generally performed at
weakly acidic or neutral condition [14]. Under such condition,
SieOH groups predominates over SieO- groups. The SieOH groups
readily reacted to other SieOH groups via condensation reaction
with the formation of eSieOeSie, consequently, reducing the
concentration of defects in zeolite framework [17,18]. These advantages are distinct in beta zeolites, which typically include large
quantities of defect sites in their frameworks due to stacking fault
between polymorphs A and B [19]. Thus, it is expected that acidity,
stability, and hydrophobicity of mesoporous zeolites synthesized in
ﬂuoride media should be markedly improved. Despite these advantages, so far very few reports have reported the synthesis of
mesoporous zeolite in ﬂuoride media. To the best our knowledge,
the only one example was to add carbon nanoparticles as a
mesopore-generating agent in a hydrothermal synthesis of beta
zeolite [20]. Even in that case, the mesoporosity was not high, and
the mesopore size distribution was very broad. The main problem
in such ﬂuoride-mediated mesoporous zeolite syntheses is that the
starting gel mixture needs to be highly concentrated (H2O/
SiO2 < 10), where the mesopore-generating agents are immiscible.
To overcome the problem, it is desirable to use a mesoporegenerating agent (MGA) that is highly miscible with the synthesis
gel mixture. If this is not feasible, a second direction is to select a
MGA that is covalently bonded to a zeolite structure-directing
agent (SDA). A nice candidate for the second approach is the
recently discovered multiammonium surfactants, which can function hierarchically as dual SDA at both meso- and micro-length
scales simultaneously [21,22].
The present work was undertaken to synthesize mesoporous
zeolites in ﬂuoride media using multiammonium surfactants as the
dual SDA. At ﬁrst, we attempted to synthesize the mesoporous beta
zeolite using multiammonium surfactants that were used before in
our previous work [22]. However, bulk beta zeolite was only obtained due to the surfactant decomposition. This was because the
required time for crystallization was remarkably increased, during
which the multiammonium surfactants decomposed. To overcome
the decomposition problem, we tested various multiammonium
surfactants that are equipped with beta zeolite SDA (see Table S1 in
details). We selected SDA-head groups, which are well-known as
having strong structure-directing ability for beta zeolites to
decrease the required crystallization time. In addition, bulk beta
zeolite crystal was added to the synthesis gel to decrease the
crystalline time further. As a result, purely siliceous beta zeolite
nanosponges were successfully synthesized in ﬂuoride media. In
addition, Al, Sn, and Ti atoms were incorporated within the siliceous beta framework to serve as Brønsted and Lewis acid catalysts.
In addition, MFI zeolite nanosheets could be also synthesized in
ﬂuoride media.
2. Experimental
2.1. Preparation of zeolite SDAs
Three types of zeolite SDAs were prepared in this work: 4,40 trimethylene-bis-[1e(CH3)e1e
{CH2eC6H4eCH2eNþ(CH3)2eC6H12eNþ(CH3)2eC22H45}
piperidinium](Br)2
(Cl)4,
4,40 -trimethylenebis{1e(CH3)
e1eCH2eC6H5}piperidinium
(Cl)2,
and
C16H33eNþ(CH3)2eC6H12eNþ(CH3)2eC6H13(Br)2 (see Table S1 for

their molecular structures). For convenience, the three zeolite SDAs
are denoted as (C22e6)TMP(Br)2(Cl)4, TMP(Cl)2, and
C16eN2(Br)2, respectively. The purity of the zeolite SDAs was
conﬁrmed by 1H nuclear magnetic resonance (NMR) spectroscopy
(Bruker, 400 MHz).
For a typical synthesis of (C22e6)TMP(Br)2(Cl)4, 0.05 mol of
4,40 -trimethylenebis(1-methylpiperidine) (Sigma-Aldrich, 98%)
was
mixed
with
0.1
mol
of
[CleCH2eC6H4eCH2eNþ(CH3)2eC6H12eNþ(CH3)2eC22H45][Br]
[Cl] (see Ref. [24] for the preparation of this di-ammonium
surfactant) in a chloroform/methanol mixture (95:5 v/v). The
mixture was then reﬂuxed for 1 d and cooled to room temperature. After evaporating the solvent with a rotary evaporator, the
precipitates were washed with diethyl ether and dried in a vacuum oven at 30  C overnight. TMP(Cl)2 and C16eN2(Br)2 were
synthesized as described previously [23,25].
The zeolite SDAs were ion-exchanged with OH-exchange resin
(MTO-Dowex SBR LCNG OH form, supelco) to convert the halide
ions (i.e., Cl and Br) into OH ions. The concentration of the hydroxide forms of the surfactants in distilled water ranged from 7 to
20 wt%.
2.2. Zeolite synthesis
2.2.1. Purely siliceous beta zeolite
Tetraethylorthosilicate (TEOS, TCI) was added to an aqueous
solution of (C22e6)TMP(OH)6. After the TEOS droplets disappeared
completely, aqueous HF was added. The resulting mixture was
placed in a convection oven at 60  C for 1 d and then freeze-dried to
evaporate the ethanol and water. The powder was collected after
freeze-drying and mixed with distilled water containing pure siliceous bulk beta zeolite as the seed. The ﬁnal reactant composition
was 30 SiO2:2.5 (C22e6)TMP(OH)6:240 H2O:15 HF. The resulting
gel was transferred to a Teﬂon-lined stainless autoclave and heated
at 140  C for 4 d under tumbling. The solid precipitates were
collected by centrifugation, washed twice with distilled water, and
dried at 100  C overnight. The dried precipitates were calcined at
550  C for 6 h under ﬂowing air. Another pure siliceous beta zeolite
was synthesized with TMP(OH)2 as the zeolite SDA using the
procedure described above without the addition of beta seed. The
gel composition is 30 SiO2:7.5 TMP(OH)2:240 H2O:15 HF.
2.2.2. Al, Sn- and Ti-beta zeolites
In a typical synthesis of Sn-beta zeolite, an aqueous solution of
(C22e6)TMP(OH)6 was mixed with TEOS under vigorous stirring in
a polypropylene bottle, which was cooled in an ice bath. After
stirring for 15 min, aqueous solution containing dissolved
SnCl4$5H2O was added dropwise into the mixture under vigorous
stirring. After continuous stirring for 1 h, aqueous HF was added to
the mixture. The resulting mixture was placed in a convection oven
at 60  C for 1 d and then freeze-dried overnight to evaporate the
ethanol and water. The powder was collected after freeze-drying
and mixed with distilled water containing pure siliceous bulk
beta zeolite as the seed. The ﬁnal reactant composition was 30
SiO2:0.2 SnO2:2.5 (C22e6)TMP(OH)6:210 H2O:15 HF. The
remainder of the procedure was the same as described above. The
Al and Ti-beta zeolites were synthesized in the same manner as the
Sn-beta zeolite, except Ti butoxide (Sigma-Aldrich, 97%), and Al
isopropoxide (Aldrich, 98%) were used as Ti and Al sources,
respectively, instead of SnCl4$5H2O.
2.2.3. MFI zeolite
An aqueous solution of C16eN2(OH)2 was mixed with 2.1 g of
TEOS under vigorous stirring for 1 h, and then, agitation was
continued for 12 h at 60  C. After cooling to room temperature,
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Fig. 1. Powder XRD pattern (A, a), TEM images (B and C), Ar isotherm (D), and corresponding NLDFT pore size distribution (E) of calcined Meso-Si-b, which was synthesized with a
gel composition of 30 SiO2:2.5 (C22e6)TMP(OH)6:240 H2O:15 HF at 140  C for 4 d. For comparison, the powder XRD pattern of Bulk-Si-b (A, b) is included.

aqueous HF was added dropwise into the gel mixture in a fume
hood under vigorous stirring. The resulting mixture was placed in a
convection oven at 60  C for 1 d and then freeze-dried to evaporate
the ethanol and water. The powder was collected after freezedrying and mixed with distilled water containing pure siliceous
bulk MFI zeolite as the seed. The ﬁnal gel composition was 100
SiO2:15 C16eN2(OH)2:500 H2O:30 HF. The paste-like mixture obtained was transferred to a Teﬂon-lined stainless autoclave and
heated at 120  C for 16 d under tumbling. The remainder of the
synthesis was the same as that described above for beta zeolites.
2.3. Characterization
Powder X-ray diffraction (XRD) patterns were obtained at 2q
angles between 5 and 40 using a Rigaku Multiﬂex diffractometer
equipped with Cu-Ka radiation (l ¼ 0.1541 nm) at 40 kV and 30 mA.
High-resolution scanning electron microscopy (SEM) images were
taken with a FEI VERIOS 460 instrument operating at 1 kV in beamdeceleration mode without a metal coating. Transmission electron
microscopy (TEM) images and scanning transmission electron microscopy (STEM) images were obtained with a Tecnai microscope
operating at 300 kV (G2 F30). Before these measurements, the
powder sample was suspended in acetone by ultrasonication. A few
droplets of the suspended solution were placed on a Cu microgrid
and dried under ambient conditions. Ar adsorption-desorption
isotherms were measured with a Micromeritics ASAP2020 volumetric adsorption analyzer at 186  C. Prior to measurement, all
samples were degassed under vacuum for 4 h at 300  C. The speciﬁc
surface area was calculated from the adsorption branch in the P/P0

range of 0.05e0.2 using Brunauer-Emmett-Teller (BET) equations.
The micropore diameter distribution was derived from the
adsorption branch at P/P0 < 0.1 via nonlocal density functional
theory (NLDFT) analysis. The mesopore diameter distribution was
derived from the adsorption branch using the Barrett-JoynerHalenda (BJH) algorithm. The solid 29Si magic angle spinning
(MAS) NMR spectra were recorded using a Bruker Avance 400WB
spectrometer at room temperature operated at 119.18 MHz for 29Si.
The solid-state 29Si-NMR spectra were obtained under the
following conditions: 3-ms pulse width, 60-s relaxation delay, 1.4kHz spinning rate, and 4000 acquisitions. The electronic state of
the Sn atom was analyzed using a Jasco ultravioletevisible
(UVevis) spectrometer (V570) in diffuse-reﬂectance (DR) mode.
The elemental compositions were analyzed by inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) using an OPTIMA
4300 DV instrument (PerkinElmer). The Fourier transform infrared
(FT-IR) spectra were collected using a JASCO FT/IR-6100. Prior to the
analysis, a self-supported zeolite wafer (ca. 10 mg cm2) was placed
in a lab-made IR cell with KBr windows and evacuated at 300  C for
2 h. After cooling to room temperature, the FT-IR spectra were
recorded via 40 scans at 2 cm1 resolution. For Lewis acid measurements, the samples were dosed with CD3CN vapor at room
temperature and pressures up to ~70 Torr for 2 h until saturation.
2.4. Catalytic testing
Esteriﬁcation of oleic acid with methanol was performed in a
Pyrex® reactor. Prior to measurement, 100 mg of the Hþ form of
beta zeolite was degassed in a reactor at 573 K for 3 h. After cooling
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Fig. 2. Solid-state 29Si MAS NMR (A) and FT-IR (B) spectra of calcined Meso-Si-b. The experimental chemical shift values of the nine Si sites for polymorph A of zeolite beta was
displayed below the 29Si NMR spectrum result.

to room temperature, a solution containing 7.0 g of oleic acid
(Aldrich, 90%) and 8.0 g of anhydrous methanol (Aldrich, 99.8%)
was added to the reactor containing the catalyst sample. The
reactor was plugged with a septum cap and heated to 70  C. After
heating for 2 h, 4 ml of samples was extracted to check the conversion of oleic acid. The samples drawn from the reaction mixture
were centrifuged to remove the catalyst powder, and then methanol and water were evaporated with rotary evaporator. The conversion of oleic acid was calculated according to the previous paper
[26].
3. Results and discussion
3.1. Purely siliceous mesoporous beta zeolite
Purely siliceous beta zeolite was hydrothermally synthesized
using (C22e6)TMP(OH)6 as a zeolite SDA at near-neutral pH in the
presence of ﬂuoride ions at 140  C. The hydrothermal synthesis
time was 4 days when a small amount of lab-made bulk beta zeolites (see Ref. [25] for its preparation) was added to the reaction
gel as seeds. The bulk beta zeolite additives disappeared completely
from the ﬁnal product, as conﬁrmed by SEM images (Fig. S1). The
zeolite beta synthesized in the presence of seeds is denoted as
Meso-Si-b. For comparison, bulk beta zeolite was obtained using
TMP(OH)2 as the zeolite SDA. The resulting bulk beta is denoted as
Bulk-Si-b.
Fig. 1A shows the wide-angle XRD patterns of the calcined
Meso-Si-b sample and Bulk-Si-b sample. Both samples exhibited
XRD patterns corresponding to zeolite beta constituted with
intergrowth of polymorphs A and B [27]. However, there is a conspicuous difference in the reﬂection peak widths of the two samples: Meso-Si-b exhibits much broader XRD peaks as compared to
the Bulk-Si-b. The peak width is inversely proportional to the
crystal size. Thus, it is reasonable to conclude that Meso-Si-b is
composed of nanocrystalline beta zeolites. The decrease in crystal
thickness can be explained by the dual structure-directing role of

(C22e6)TMP(OH)6 surfactants [22]. Head moiety of the multiammonium surfactant acts as a beta zeolite SDA, whereas the
C22H45- tails prevent the growth of the beta zeolite beyond the
ammonium moiety. Unlike (C22e6)TMP(OH)6, TMP(OH)6 cannot
restrict crystal growth, and thus, the beta zeolites were obtained as
microcrystallites (Fig. S2).
Fig. 1B and C presents TEM images of the Meso-Si-b sample
showing that beta nanocrystals were arranged in a radial manner
with numerous mesopores. In each beta nanocrystal, micropores
were stacked into two different orientations, as in a typical beta
zeolite, which has two polymorphs A and B (Fig. S3). The crystal
thickness was difﬁcult to measure using the TEM image due to the
heavy superimposition of the beta nanocrystals. Instead, it was
derived from the mesopore size distribution of the carbon replica of
the Meso-Si-b sample [22]. The result indicated a broad distribution
of crystal thicknesses ranging from 5 to 15 nm (Fig. S4) with a mode
thickness of 9.1 nm. The framework thickness of Meso-Si-b are
thicker than head group size (ca. 4.5 nm) of (C22e6)TMP(OH)6
surfactants. According to the synthesis principle, framework
thickness should be less than or equal to head group size [23]. There
are two plausible situations, under which framework thickness is
thicker: (1) The (C22e6)TMP(OH)6 was decomposed to small
fragments that can act as beta zeolite SDA. The small fragments can
contribute to increase the framework thickness. However, this is
not the case because as-synthesized Meso-Si-b sample contained
organic molecules with C/N ratio of 16 that are similar to those of
(C22e6)TMP(OH)6, indicating that the (C22e6)TMP(OH)6 might
not decompose during the hydrothermal treatment. The other
plausible situation is that head group of (C22e6)TMP(OH)6 might
not be tightly encased by beta zeolite framework. Under such circumstances, the surfactants could be released from the zeolite
framework. Then, further crystal growth leading to Ostwald
ripening could occur, so that crystal thickness of beta zeolite could
increase the beyond the size of head groups. Further investigation
will be needed to elucidate how the multiammonium surfactants
could be released from the beta zeolite framework.
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Fig. 3. Powder XRD patterns (A) and BET surface areas of Meso-Si-b analyzed after thermal treatment at temperatures ranging from 550  C to 900  C.

The Ar adsorption-desorption isotherm for Meso-Si-b exhibited
two distinct increasing steps (Fig. 1D). The abrupt increase below P/
P0 ¼ 0.1 was attributable to the ﬁlling of the beta zeolite's micropores. The second sharp increase at 0.4 < P/P0 < 0.8 was caused by
the capillary condensation of the mesopores. The pore size distribution could be derived from the adsorption branch of the Ar
isotherm using a NLDFT model. The result indicated a narrow distribution of pore diameters centered at 0.64 nm in the microporous
range, consistent with the micropore diameters of conventional
beta zeolites. In addition to the micropores, Meso-Si-b exhibited a
narrow distribution of mesopore diameters centered at 5.0 nm
(Fig. 1E). Additionally, the mesopore diameter was tailorable
depending on the tail-length of the surfactant SDA, indicating that
mesopores were generated by surfactant SDA-micelles. Because of
its mesostructure, the Meso-Si-b exhibited a high BET surface area
(760 m2 g1) and a large pore volume (0.64 cm3 g1) compared to
the Bulk-Si-b sample (520 m2 g1 and 0.25 cm3 g1, respectively).
Fig. 2A presents the solid-state 29Si MAS NMR spectrum taken
from the calcined Meso-Si-b sample. The NMR spectrum was
deconvoluted by a Gaussian method into ﬁve peaks, which were
centered at d 117, e115, e113, e104, and 102 ppm, respectively.
The NMR peaks at d 117, e115, and 113 ppm were attributed to
Q4 silicon sites (i.e., Si(eOSi)4) [28]. According to the previous paper,
purely siliceous beta exhibited nine 29Si NMR signals in the range
of 116 to 110 ppm that are come from nine crystallographically
distinct Si sites of zeolite beta polymorph A [29]. The experimental
chemical shift values of the nine Si sites for were displayed in
Fig. 2A. The chemical shift values obtained from Meso-Si-b are
closely matched with those coming from bulk beta although the
number of NMR peaks was decreased. The number of NMR peak
decrease might be attributed to overlapping 29Si resonance signals.
The zeolite mesostructure might be responsible for the NMR peak
broadening [30]. The other resonance peaks appearing at d 104
and 102 ppm were interpreted as resulting from the Q3 silicon
sites (i.e., silanol groups). The relative area of the Q3/Q4 peaks was
calculated to be 8%. Among the silanol groups, a large portion was
identiﬁed as non-H-bonding silanols (~3740 cm1) according to
the FT-IR spectrum (Fig. 2B) [31]. These non-bonding silanols were
typically considered to be lattice-termination silanol groups on the

external surface. For the mesoporous beta zeolite synthesized at
high pH using hydroxide ion as the mineralizer, the 29Si MAS NMR
spectrum showed two broad peaks centered at 114 and 104 ppm
(Fig. S5). The severe peak broadening could be attributed to
decreased zeolite crystallinity, which is consistent with the XRD
results (Fig. S5). The area ratio of the Q3 to Q4 peaks was approximately 21%. Among the silanol groups, a considerable portion
corresponded to H-bonding SieOH groups, such as vicinal silanols
(~3690 cm1) and silanol nests (~3400 cm1), as conﬁrmed by the
FT-IR spectrum (Fig. S5) [31]. Such H-bonding SieOH groups were
considered to represent defect sites within the beta zeolite
frameworks. Based on these spectroscopic results, it can be
concluded that the mesoporous beta zeolite synthesized in ﬂuoride
media possesses much less defect sites. The effect of ﬂuoride ion on
decrease of number of defect sites has been demonstrated in bulk
zeolites [17,18]. This effect was explained by the charge compensation role of F to SDA cations [32]. Koller and co-workers showed
that ﬂuoride ions could be connected to the zeolite framework,
forming ﬁve coordinated Si units (i.e., SiO4/2F) [33]. The F ions
therefore were incorporated into the framework structure, giving
rise to a negative charge onto the framework itself [34]. Based on
these previous studies, it was believed that positive charges on
(C22e6)TMP surfactants might be compensated by F ions, resulting
in the decrease of number of defect sites. As compared to the
ﬂuoride-mediated synthesis, the positive charges on (C22e6)TMP
are compensated by the connectivity defects in the hydroxide
synthesis of pure silica zeolites.
As mentioned in the Introduction, ﬂuoride-mediated synthesis
yields zeolites with high thermal stability because of their reduced
defect sites. To examine its thermal stability, the calcined Meso-Si-b
sample was treated as follows: Samples were heated at 550  C,
700  C, 800  C, and 900  C for 2 h under ﬂowing air (30 mL/min).
After the thermal treatment, XRD and BET surface area analyses
were performed, and the results were compared with those of
pristine sample to judge the material’ thermal stabilities. Mesoporous beta zeolites synthesized via a hydroxide-mediated synthesis route were also tested for comparison. As shown in Fig. 3A,
the XRD patterns of the heated Meso-Si-b samples were not
conspicuously changed, even after heating at 900  C. Furthermore,
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Fig. 4. XRD patterns (A), N2 isotherms (B), STEM-EDS elemental mapping images (C, E), and high-resolution high-angle annular dark-ﬁeld (HAADF)-STEM images (D, F) of the
calcined Meso-Sn-b and Meso-Ti-b samples synthesized with (C22e6)TMP(OH)6 as the zeolite SDA.

the BET surface area was maintained until heating at 800  C and
decreased by less than 5% at 900  C (Fig. 3B). Unlike the Meso-Si-b,
the XRD intensity and BET surface area of the mesoporous beta
zeolite synthesized in hydroxide media decreased by more than
50% after thermal treatment at 900  C (Fig. S6). This result clearly
conﬁrms the enhanced thermal stability of the Meso-Si-b sample

and indicates that this material is suitable for catalytic applications
requiring high temperatures.
In addition to high thermal stability, the calcined Meso-Si-b
sample exhibited enhanced hydrophobicity. The hydrophobicity
was investigated by measuring the amount of absorbed H2O by
thermogravimetric analysis after exposing the target zeolites to
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3.2. Heteroatom-containing mesoporous beta zeolites

Fig. 5. DR-UV spectra of the calcined Meso-Sn-b and Meso-Ti-b samples.

saturated H2O vapor at 60  C (Fig. S7). For the mesoporous beta
zeolites synthesized in hydroxide media, the zeolite exhibited
weight loss of approximately 2 wt% at temperatures between 100
and 300  C because of the desorption of water from the zeolite
framework. In contrast, the Meso-Si-b sample exhibited negligible
weight change in the same temperature range. This result clearly
conﬁrms the enhanced hydrophobic nature of the Meso-Si-b
sample.

Sn- and Ti-containing mesoporous beta zeolites were hydrothermally synthesized using (C22e6)TMP(OH)6 as the zeolite SDA
with a gel composition of 30 SiO2:0.24 TO2:2.5 (C22e6)
TMP(OH)6:210 H2O:15 HF (T ¼ Sn or Ti). The required crystallization time at 140  C was 7 d for both zeolite samples when bulk
beta seeds (Si/Al ¼ ∞) were added to the reaction mixture. The
obtained products had Si/Sn and Si/Ti ratios of 124 and 125,
respectively, as conﬁrmed by ICP analysis. These products are
denoted as Meso-Sn-b and Meso-Ti-b hereafter.
Meso-Sn-b and Meso-Ti-b exhibited similar XRD patterns and
N2-adsorption isotherms to those of Meso-Si-b, which were discussed above (Fig. 4A and B). The TEM images of both samples show
that beta nanocrystallites with thicknesses of 6e10 nm were
irregularly assembled to form a nanosponge structure. This
morphology is identical to that of Meso-Si-b, as described above.
The homogeneous distributions of Sn and Ti in the mesoporous
beta zeolites was conﬁrmed by visualizing these atoms with
energy-dispersive X-ray spectroscopy (EDS) elemental mapping in
scanning TEM mode (Fig. 4C and E). The EDS mapping revealed that
Sn and Ti were uniformly distributed throughout the particle domains in the Meso-Sn-b and Meso-Ti-b samples. Additionally, the
STEM images show no clustering of Sn and Ti atoms.
The coordination states of the Sn and Ti atoms in the beta zeolite
frameworks were investigated using diffuse-reﬂectance UVevisible
(DR-UV) spectroscopy. As shown in Fig. 5, Meso-Sn-b showed a
main adsorption band at 220 nm, which is a characteristic of
tetrahedrally coordinated Sn species in silicate frameworks [35,36].
The Sn species can act as a Lewis acid site. Additionally, a weak
adsorption band at 260 nm was observed for the Meso-Sn-b sample, implying that a small portion of Sn species was present as extra
framework Sn species. Similar to Meso-Sn-b, Meso-Ti-b exhibited a
strong peak at 210 nm with a weak shoulder peak at approximately
260 nm, conﬁrming that most Ti sites were atomically incorporated
into the crystalline zeolite framework sites [35]. Based on these DR-

Fig. 6. FT-IR spectra of the pyridine species remaining after evacuation at 150  C (lower) and 300  C (upper): (A) Meso-Al-b synthesized in ﬂuoride media and (B) Al-beta
nanosponges synthesized in hydroxide media.
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Fig. 7. Powder XRD pattern (A), SEM image (B), TEM image (C), and Ar adsorption-desorption isotherm (D) of the calcined MFI nanosheet synthesized with a gel composition of 100
SiO2:15 C16eN2(OH)2:500 H2O:30 HF at 120  C for 16 d.

UV spectra, it could be concluded that Sn and Ti atoms were
incorporated into zeolite frameworks as isolated sites.
IR spectroscopy was performed to study the Lewis acid properties of the Meso-Sn-b samples with deuterated acetonitrile as the
probe molecule. As reported previously, CD3CN gas exhibited CeN
stretching vibrations at approximately 2261 cm1 [37]. The
adsorption peak corresponding to the CeN stretching vibration was
shifted when the CD3CN interacted with Lewis acid sites or silanol
groups. Fig. S8 presents the FT-IR spectra of the Meso-Sn-b sample
exposed to CD3CN at room temperature. Meso-Sn-b showed three
bands at 2314 cm1, 2273 cm1, and 2262 cm1. A band at
2314 cm1 can be assigned to the adsorption of CD3CN on Lewis
acid sites [37]. The other band observed at 2273 cm1 was ascribed
to the adsorption of CD3CN on silanol groups [38]. The Meso-Sn-b
samples possessed both Lewis acid sites and surface silanol groups.
In a recent work, Ren et al. reported that the combination of surface
hydroxyl groups and framework Sn atoms (Lewis acid sites)
increased the fructose yield of the glucose isomerization reaction in
ethanol [38]. Thus, Meso-Sn-b might be a promising catalyst for
these types of reactions.
Al-containing beta zeolite was hydrothermally synthesized with
a gel composition of 30 SiO2:0.3 Al2O3:2.5 (C22e6)TMP(OH)6:210
H2O:15 HF for 5 d at 140  C. The resultant zeolite is denoted as
Meso-Al-b. Structural characterization of the calcined Meso-Al-b
with XRD, TEM, and N2 isotherms revealed that its textural

properties were very similar to those of the Meso-Si-b sample. The
acidity of Meso-Al-b was determined by FT-IR spectroscopy using
pyridine as a probe molecule. Al-beta zeolite nanosponges (Si/
Al ¼ 50) synthesized in hydroxide media were also analyzed for
comparison. Fig. 6A shows the FT-IR spectra of the pyridine species
adsorbed on Meso-Al-b after evacuation at 150  C and 300  C for
30 min. The peak at 1545 cm1 was assigned to the Brønsted acid
sites in the zeolite framework [39]. The acid strength was qualitatively determined by measuring the contents of adsorbed pyridine
molecules at each degassing temperature. As shown in Fig. 6A, a
small decrease in the concentration of adsorbed pyridine was
observed for Meso-Al-b when increasing the degassing temperatures. However, the Al-beta zeolite nanosponges (Si/Al ¼ 50) synthesized in hydroxide media exhibited a decrease in the IR peak
intensity at 1545 cm1 of more than 50% when the degassing
temperature was increased from 150  C to 300  C. These FT-IR results indicate that Meso-Al-b contained Brønsted acid sites with
enhanced acid strength relative to Al-beta zeolite nanosponges
synthesized in hydroxide media.
3.3. Extension to other zeolite structures
The surfactant-directed synthesis of mesoporous zeolites in
ﬂuoride media could be extended to other zeolite structures. Here,
we synthesized purely siliceous MFI zeolite nanosheets using
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C16eN2(OH)2 as the zeolite SDA in ﬂuoride media with the presence of bulk MFI crystal as a seed. When the MFI zeolite was
crystallized at 150  C, the resulting product was heavily contaminated with bulk MFI zeolite crystal as an impurity phase because of
the severe decomposition of the C16eN2(OH)2 surfactant. To
minimize the formation of bulk MFI crystals, the hydrothermal
reaction temperature was decreased to 120  C; lowering the temperature further resulted in the generation of no MFI zeolites, even
after one month of hydrothermal treatment. At 120  C, the MFI
zeolites were fully crystallized after 16 d. A small amount of bulk
MFI (less than 5%) was detected by SEM.
Fig. 7A shows the XRD pattern of the MFI zeolite nanosheets
synthesized in ﬂuoride media. The XRD peaks could be assigned to
the diffraction patterns corresponding to MFI zeolite nanosheets
with extremely thin thicknesses along the b-axis. The sheet-like
morphology was conﬁrmed by high-resolution SEM and TEM images, although a small amount of bulk MFI crystals (less than 5%)
was observed (Fig. 7B and C). The thicknesses of the MFI zeolite
nanosheet exhibited a broad distribution ranging from 2.5 to
10 nm. This broad distribution was attributed to the decomposition
of the C16eN2(OH)2 surfactant during the hydrothermal treatment. The resulting MFI zeolites were highly mesoporous (Fig. 7D),
with a high BET surface area and pore volume (480 m2 g1 and
0.41 cm3 g1, respectively) that were much higher than those of the
bulk MFI crystals (390 m2 g1 and 0.20 cm3 g1, respectively).
3.4. Oleic acid esteriﬁcation over beta zeolite
The mesoporous beta zeolites with enhanced Brønsted acidity
and hydrophobic nature would be highly applicable for condensation reaction involving bulky organic molecules. As an example,
Meso-Al-b (Si/Al ¼ 50) was tested for its suitability as a catalyst for
esteriﬁcation of oleic acid with methanol. As a comparison, the
mesoporous beta zeolite (Si/Al ¼ 50) synthesized under hydroxide
media was also tested. The esteriﬁcation was performed at 70  C for
2 h. The catalytic result showed that Meso-Al-b exhibited 65%
conversion, while mesoporous beta zeolites synthesized under
hydroxide media showed an oleic acid conversion of 46%. The
higher oleic acid conversion can be attributed to the higher concentration of strong acid sites and hydrophobic nature of zeolite
framework. Enhanced acidity might increase the catalytic activity
for esteriﬁcation reaction. Hydrophobic nature might allow for
facile exclusion of water molecules from the zeolite framework.
4. Conclusions
We demonstrated the synthesis of highly mesoporous zeolites
using multiammonium surfactants as the zeolite SDA in the presence of ﬂuoride ions at neutral pH. The multiammonium surfactants were functionalized with SDA-head groups having strong
structure-directing ability for target zeolite structure. The resultant zeolites were highly mesoporous and possessed uniform
mesopores that could be tailored by changing the length of surfactant tail. The mesoporous zeolites obtained in this manner had
few defects within the zeolite framework compared to those produced via hydroxide-mediated synthesis. The reduced number of
defects remarkably enhanced the material's thermal stability, acid
strength, and hydrophobic nature. The enhanced hydrophobicity
would decrease water accessibility to the zeolite framework, and
thus, it was expected that hydrothermal stability of the mesoporous
zeolite would be increased. These advantages should allow mesoporous zeolites to be used in a wide range of applications requiring
humid conditions. Furthermore, a large number of heteroatoms
(e.g., Al, Ti, Sn) were incorporated into the mesopore walls and thus
used for catalysis of bulky molecules. Recently, some demanding
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applications, such as biodiesel production, require thermally stable
solid catalysts capable of activating bulky molecules. We believe
that mesoporous zeolites produced via ﬂuoride-mediated synthesis
would be a promising catalyst for such applications.
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