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Abstract Multifunctional heteroatom zeolites have
drawn broad attentions due to the possible synergistic
effects in the catalytic reactions. Remarkable achievements
have been made on the synthesis, characterization and
catalytic applications of multifunctional heteroatom zeo-
lite, while a review on this important topic is still missing.
Herein, current research status of multifunctional heteroa-
tom zeolites is briefly summarized, aiming to boost further
researches. First, the synthesis strategies toward heteroa-
tom zeolites are introduced, including the direct synthesis
and postsynthesis routes; then, the spectroscopic techni-
ques to identify the existing states of heteroatom sites and
the corresponding physiochemical properties are shown
and compared; finally, the catalytic applications of multi-
functional heteroatom zeolites in various chemical reac-
tions, especially in one-step tandem reactions, are
discussed.

Keywords zeolite, multifunctional active sites, heteroa-
tom, characterization, catalysis

1 Introduction

With the advantages of large specific surface areas,
abundant pore architectures, remarkable hydrothermal
stability and adjustable acidity, zeolites have been widely
utilized as catalysts in many chemical reactions. The
introduction of heteroatoms into the zeolite framework is
one of the important strategies for the modifications of
zeolites to improve their catalytic performance and
broaden their catalytic applications. After the introduction
of heteroatoms, the zeolite framework structure can be well
preserved, while the physiochemical properties, e.g.,
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acidity and redox properties, can be modulated, thereby
changing their catalytic behaviors.

Since Taramasso et al. [1] first implanted heteroatom Ti
into the framework of the MFI zeolite (TS-1, titanium
silicalite-1) in 1983, the conventional acid-base catalysis
by zeolites has been extended to oxidation-reduction
catalysis. The unique three-dimensional ten-membered
ring channels of TS-1 zeolite provides unique shape
selective catalysis in a series of oxidation reactions
utilizing H,O, as the oxidant, while they are not suitable
for macromolecular substrate owing to the small pore
windows of ca. 0.55 nm. Therefore, a variety of
heteroatom zeolites with larger pore sizes have been
developed, such as TS-2 [2], Ti-Beta [3], etc. Recently,
with the continuous development of petrochemicals and
fine chemicals, the efficient utilization of heavy-compo-
nent oils becomes impending and, therefore, leads to the
emergence of heteroatom-containing mesoporous molecu-
lar sieves, e.g., Ti-MCM-41 [4], Ti-MCM-48 [5] and Ti-
MSU [6]. The heteroatoms successfully introduced into the
zeolite framework can be divided into three categories:
main group atoms (Al [7], B [8], Ge [9], Ga [10] and Sn
[11], etc.), transition metals (Cr [12], Ni [13], Fe [14], Nb
[15], Y [16], etc.) and rare earth metals (La [17], Ce [18],
etc.). On the basis of the pore size, the molecular sieves can
be divided into four types: small microporous (CHA, KFI
and LTA), medium microporous (such as MFI and FER),
large microporous (such as FAU and BEA), and
mesoporous (such as MCM-41 and SBA-15) molecular
sieves [19-22]. Although significant achievements have
been made in the synthesis and applications of heteroatom
zeolites, most of them are focused on the heteroatom
zeolites with a single metal component [23], while the
construction and catalytic applications of multifunctional
heteroatom zeolites containing two or more framework
metals (Al, Ti, Sn, Zr, etc.) are still missing.

Ti and/or Sn- containing heteroatom zeolites are widely
investigated in the liquid phase selective oxidation
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reactions. The Ti-zeolite/H,O, system has shown great
advantages in the olefin epoxidation and ketone ammox-
imation, which are now successfully applied in industrial
plants. Sn-containing zeolites have potential prospects for
applications in biomass conversion due to the unique
Lewis acidic properties. Although the heteroatom zeolites
with a single metal component can exhibit the remarkable
catalytic performance in a specific reaction, they cannot
meet the requirements for more complicated catalytic
reactions, such as multi-step tandem or cascade reactions.
Consequently, constructing multifunctional heteroatom
zeolite catalysts is essential for the multi-step tandem
reaction. Remarkable achievements have been made
concerning the construction and catalytic applications of
multifunctional heteroatom zeolites, while the correspond-
ing review is still missing and therefore, is the main aim of
the present article. Herein, the most representative
progresses in heteroatom zeolites are briefly summarized,
aiming to boost the further researches timely. The synthesis
strategies toward heteroatom zeolites, the spectroscopic
techniques to determine the active sites and their catalytic
applications are included. On the basis of the present
research status, the perspective and outlook about the
future development of multifunctional heteroatom zeolites
are shown.

2 Synthesis strategies for heteroatom
zeolites

In general, heteroatom zeolites can be synthesized by two
strategies, i.e., the direct synthesis and post-synthesis
(Table 1).
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2.1 Direct synthesis strategy

In the direct synthesis procedure, heteroatoms are
introduced into zeolites utilizing the metalorganics or
metal salt solutions as the metal precursors. For hydro-
thermal synthesis, the metal heteroatom solutions are
added into silica alumina sol to generate silica alumina and
heteroatom acid salt sols, guaranteeing the homogeneous
dispersion of the heteroatoms. Inspired by the successful
synthesis of TS-1 by ENI Company via the hydrothermal
procedure [1], Ti-containing zeolites with other topologies,
e.g., Ti-BEA, Ti-CHA and Ti-MWW, have also been
directly synthesized using various organic structure-
directing agents [60—64], and the corresponding proce-
dures have been reviewed by Moliner and Corma [65].
Additionally, Corma et al. [66—69] have synthesized Sn-
BEA, Nb-BEA and Ta-BEA zeolites as the robust Lewis
acidic zeolite catalysts.

When Al and heteroatom metal sources are simulta-
neously added into the hydrothermal synthesis system, the
bifunctional Brensted-Lewis acidic zeolite catalyst can be
obtained. Meng et al. successfully synthesized bifunctional
Brensted-Lewis acidic [ALZr]-FAU zeolite by simulta-
neously adding Al,(SO4); and ZrSO4 under hydrothermal
conditions without organic templates [24]. In comparison
with traditional FAU zeolite (USY), [Al,Zr]-Y showed
higher catalytic activity in the cracking of 1,3,5-triisopro-
pylbenzene. Bai et al. prepared bifunctional Sn-Al-MFI
zeolite by hydrothermal synthesis using diquaternary
ammonium ([CyyHys-N"(CHj3),-CeH 2-N"(CH3),-CHi3]
Br*) as template [25]. The obtained bifunctional zeolite
with layered mesopore and micropore structure exhibited
remarkable activity in the reaction of glucose to

Table 1 The synthesis and application of multifunctional heteroatom zeolites

Synthesis strategy Multifunctional heteroatom zeolites Selected applications Refs.
Hydrothermal synthesis [ALZr]-Y 1,3,5-Triisopropylbenzene cracking [24]
Sn-Al-MFI, Al-Sn-Beta, Zr-Al-TUD-1 Biomass conversion [25-27]
Ga-Fe-MFI Methanol to olefin [28]
W-MFI, Sn-MFI Separation and detection of CO, and NO, [29,30]
CrCoAPO-5, FeCoMnAPO-5 Cyclohexane oxidation [31,32]
W-TS-1 Oxidative desulfurization [33]
H-GaAIMFI Methane oxidation [34]
Post synthesis Sn-Al-zeolite, Zr-Al-zeolite, Sn-f-Ca, In-Sn-Beta, Biomass conversion [35-48]
Zn-Sn-Beta, Mg-Sn-Beta
Ag/ZrBEA, CuTaSiBEA, ZnHf-MFI Ethanol to butadiene [49-51]
PtSn-Beta, Pt/Sn-Beta, PtSn/TS-1 Propane dehydrogenation [52-54]
Pd/Ti-MCM-41, TiSn-Beta Olefin epoxidation [55,56]
Ir/Fe-USY (ultrastable Y zeolite) N,O decomposition [57]
CuMn-HBeta Soot oxidation [58]
SnAl-Beta Polyoxymethylene dimethyl ethers synthesis [59]
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5-(ethoxymethyl)furfural. Jin et al. prepared multifunc-
tional Ga-Fe-MFI zeolite via the hydrothermal synthesis
route [28]. In comparison with the ion-exchange Fe-
containing MFI zeolite, the H-FeGaAl-MFI zeolite
exhibited higher activity and anti-coking ability in the
methanol-to-olefins reaction. On the other side, the co-
introduction of Ga species in the MFI framework could
obviously enhance the selectivity to light olefins.

In the direct synthesis route, nitrate, acetate and chloride
are often utilized as the metal heteroatom sources, but the
crystallization process is very long and the number of
heteroatoms incorporating into the zeolite framework is
limited. Even such a small number of heteroatoms can
greatly influence the physiochemical properties and
broaden the catalytic applications. In addition, the direct
hydrothermal synthesis has a large operation space for
optimizing the crystal structure and zeolite morphology by
controlling the synthesis conditions. However, the short-
comings of direct synthesis route such as a time-
consuming crystallization process, high cost of organic
templates, and low content of framework heteroatoms have
greatly hindered the large-scale industrial applications.

Similar like hydrothermal synthesis, dry-gel conversion
is also used for preparing heteroatom zeolites [70] (Fig. 1),
such as Ti- and Sn-containing zeolites. Niphadkar et al.
synthesized Sn-MFI zeolites for the first time using the
method of steam-assisted dry gel conversion [71].
Typically, the high concentration of the templating agents
utilizing in this process could greatly accelerate the
nucleation rate of Ti and Sn species, and achieve a 100%
crystallinity after crystallization for 53 h. Additionally, the
saturated vapor pressure could promote the interaction
between the Ti and/or Sn and Si sources, thus accelerating
the growth of crystal nucleus and shortening the crystal-
lization time. Through the similar method, Kang et al.
successfully prepared a regular-shaped Sn-BEA zeolite
within 5 h [72]. In a word, the strategy of dry-gel
conversion can greatly shorten the crystallinity time and
avoid the extensive use of expensive templates and the
generation of strong alkali waste. However, owing to the
inhomogeneous mass and heat transfer, this strategy has
not yet been applied in industry.

Water
evaporation

Silicon source
Metal precursor
(SDA)
Water

Silicon source
Metal precursor
(SDA)
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2.2 Post synthesis strategy

Due to the difference in the radii of transition metals and
Si/Al ions as well as their mismatching hydrolysis rates
during the synthesis, there exist great difficulties and
shortcomings in the direct synthesis method, such as the
low content of heteroatoms incorporated into the zeolite
framework in alkaline synthesis systems, long time
required for complete crystallization, easy formation of
large crystalline domains and extra-framework heteroa-
toms [23]. Therefore, the post-synthesis procedures with
high heteroatom contents have been developed. The two-
step post synthesis strategy consists of the zeolite
dealumination and subsequent introduction of metal
species into the dealuminated zeolite.

The post-treatment strategy for the synthesis of mono-
metallic heteroatom zeolites includes gas-solid isomor-
phous substitution [73-75], liquid-solid isomorphous
substitution [76—81], and solid-state ion-exchange method
[82—84]. The gaseous metal sources utilized in the gas-
solid deposition process can accelerate the mass transfer of
metal ions and thus facilitate the rapid coordination
between the metal ions and the defects of zeolite frame-
work. Ding et al. successfully prepared Ti-MOR zeolite via
the gas-solid isomorphous substitution [85]. First, high-
silica MOR zeolite was produced via the dealumination of
H-MOR in concentrated HNOj3. Subsequently, the deal-
uminated sample was penetrated by TiCl, vapor at 400 °C
and the Si—OH defects could interact with TiCly, thus
leading the incorporation of Ti species into MOR frame-
work. The impregnation method is a typical approach to
synthesize supported heteroatom zeolites via the post-
synthesis route. Sn-BEA zeolite was obtained with Sn
content of only 0.4% after placing the dealuminated Beta
and SnCly-5H,0 in isopropanol solution for backflow in
7 h [76]. The isopropanol solvent at the outskirts of tin ions
could form a shell structure, thus increasing the diffusion
resistance of tin species into the zeolite framework and
resulting in the low contents of framework tin species.
Dzwigaijs et al. [77-81] also prepared V-BEA, Ta-BEA,
Nb-BEA, Ti-BEA and Fe-BEA heteroatom zeolites via the
liquid-solid isomorphous substitution method. Recently,

Dry-gel conversion

Hydrothermal Powdered gel

conditions

Aqueous phase

+SDA: Vapor-phase transport
+SDA: Steam-assisted
crystallisation

Fig. 1 Procedure for the synthesis of tin-containing zeolites by dry-gel conversion. Reprinted with permission from ref. [70], copyright

2015, Royal Society of Chemistry.
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solid-state ion-exchange method is widely utilized for
preparing heteroatom zeolites. Directly mixing the solid
metal source with the dealuminated zeolite with comple-
tely grinding can contribute to improving the mass transfer
capacity of the metal source and avoiding the self-
aggregation. Recently, Sn-BEA, Ce-BEA and Zr-BEA
zeolites were successfully prepared via the solid-state ion-
exchange method using Sn(CH;),Cl,, Ce(OC3H)4, Zr
(CP),Cl, as organometallic precursors, respectively [82—
84].

If the Al atoms in zeolite framework are completely
removed, Lewis acid sites will be solely formed after the
post synthesis procedures. However, when the samples are
partially dealuminated, bifunctional zeolites possessing
Brensted and Lewis acid sites can be obtained via the post-
treatment strategy. Dijkmans et al. prepared the bifunc-
tional Sn-Al-BEA zeolite with both Brensted (Al sites) and
Lewis (Sn sites) acid sites via the post synthesis method
[35]. Beta zeolite was partially dealuminated by acidic
treatment with HNO; (the HNOj3 concentration varying
from 1.44 to 14.4 mol-L"', depending on the target degree
of Al removal), followed by contact with SnCl;-5H,0 in
isopropanol with reflux setup for 7 h. Li et al. also
successfully prepared the bifunctional Sn-Al-BEA zeolite

1465

via similar method, which exhibited remarkable activity in
the one-pot conversion of glucose to 5-hydroxymethylfur-
fural [36]. Very recently, this method was also expanded to
the synthesis of bifunctional Zr-Al-BEA zeolite (Fig. 2),
which exhibited higher catalytic activity in the cascade
Meerwein-Ponndorf-Verley (MPV) reaction in comparison
with Zr-BEA zeolite [37].

Wang et al. synthesized bifunctional Pt/Sn-Si-BEA
zeolite via the combination of solid-state ion-exchange
and wet impregnation (Fig. 3) [52]. Sn-BEA zeolite was
first prepared through a two-step post synthesis strategy,
and then followed by introducing Pt species to Sn-BEA
zeolite via wet impregnation. The strong interaction
between Pt and the framework Sn(IV) species promoted
the homogeneous dispersion of Pt species, thus guarantee-
ing the good catalytic activity and regeneration stability of
Pt/Sn-BEA in the reaction of propane dehydrogenation.
Yang et al. prepared Mg-Sn-BEA zeolite by wetness
impregnation of dealuminated Beta zeolite with
SnCly-5H,O and Mg(NOs),-6H,O aqueous solutions,
followed by drying at 100 °C and calcination at 550 °C
for 5 h [38]. During the post synthesis procedures, Sn
species could be incorporated into the zeolite framework
and generate Lewis acid sites, while partial Mg®* would

This work

Bifunctional
Zr-Al-Beta
zeolite with
open sites

(b)

Zr4+

De-Al-Beta

Grafting

Zr-De-Al-Beta

Fig. 2 Schematic synthesis of (a) Zr-Al-BEA and (b) Zr-De-Al-BEA by post-synthesis method. Reprinted with permission from ref.

[37], copyright 2019, Royal Society of Chemistry.
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Fig. 3

interact with hydroxyl groups of silanol nests and produce
extra-framework Mg species. According to balance the
Mg/Sn molar ratios, the acidity/basicity of Mg-Sn-BEA
zeolites could be well adjusted, thus making them suitable
for the glucose to methyl lactate reaction.

Additionally, the post-synthesis strategies can be utilized
for the preparation of the heteroatom zeolites like Sn-MOR
and Sn-FAU that cannot be easily synthesized via normal
hydrothermal route. On the other hand, post-synthesis
route has its own shortcomings. First, the framework
defects, i.e., silanol nests, randomly generated during the
dealumination process, could not be fully eliminated by
supplementing heteroatoms, thus leading to poor repeat-
ability; secondly, the heteroatoms are randomly distributed
on the zeolite framework, rather than in the thermodyna-
mically stable position, thus leading to relatively low
stability in the reaction; finally, a small quantity of extra-
framework metal oxides can be formed during the high
temperature calcination process.

In summary, it is possible to synthesize zeolites with
desired topological structure by controlling the conditions
via the direct synthesis route, while it has the limitation in
the type and content of the heteroatoms. For the post
synthesis strategy, it is suitable for the preparation of
heteroatom-containing zeolites that could not be easily
synthesized by hydrothermal route or the heteroatom
zeolites with high metal content requirements. Therefore,
we can rationally choose the strategy to synthesize the
multifunctional heteroatom zeolites according to the
specific requirements. In addition, the formation of extra-
framework metal oxides in the aforementioned two
strategies can cover the zeolite surface or block the zeolite
pores, making some active sites inaccessible for the
reactants. By selecting appropriate ligands and coordina-
tion conditions, accurately controlling the rate of hydro-
lysis and crystallization of the metal source and silicon
source in the hydrothermal synthesis system, as well as
adjusting the metal source and calcination conditions in the
post synthesis route, the formation of non-framework
metal species can be effectively suppressed. Additionally,

Illustration of the preparation of the Pt/Sn-Si-BEA catalysts. Reprinted with permission from ref. [52], copyright 2019, Royal
Society of Chemistry.

the scale up fabrication of high-quality heteroatom zeolites
via the post synthesis procedure is a challenging task. In
fact, only a few heteroatom zeolites have been produced in
large scale for industrial applications up to now, such as
TS-1 zeolite for olefin epoxidation. Therefore, a simple
and scalable synthesis strategy with good reproducibility is
mostly desired.

3 Characterization of heteroatom zeolites

Reliable characterization approaches are essential to
confirm the successful synthesis of heteroatom zeolites.
On the basis of characterization and catalytic results, the
structure-activity relationship can be established, which is
most helpful to guide the design and optimization of
multifunctional heteroatom zeolites. In this section, we will
summarize the frequently used techniques for the char-
acterization of heteroatom zeolites.

For the multifunctional heteroatom zeolites, it is a hard
task to determine the accurate active sites and the
interaction between the active sites, and there is no single
technique to characterize multi-functional sites simulta-
neously. Therefore, a combination of various characteriza-
tion techniques is frequently used to determine the active
sites separately, but which is vital to obtain the accurate
and comprehensive information on the active sites in
multifunctional heteroatom zeolites. Herein, we aim to
show the structural and acidic characterization of the
heteroatom zeolite by parallel techniques. X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FTIR),
Raman spectroscopy, ultraviolet-visible spectroscopy (UV-
vis), X-ray photoelectron spectroscopy (XPS), solid-state
nuclear magnetic resonance (ssSNMR), X-ray absorption
spectroscopy (XAS) are often utilized for identifying the
structural information and coordination states of heteroa-
toms. While the temperature programmed desorption of
different probe molecules, FTIR and ssNMR associated
with different probe molecules are often utilized for acidity
characterization (see Fig. 4).
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Fig. 4 Characterization techniques used for the heteroatom-containing zeolites and information obtained (UV Raman: UV resonance

Raman spectroscopy; MAS-NMR: magic angle spinning NMR).

3.1 XRD

The ion radii of the heteroatoms introduced into the zeolite
framework are usually larger than those of the Al, Si, and P
atoms in the zeolites. Therefore, the introduction of
heteroatom into zeolite framework often causes an increase
in the lattice constant and the unit cell volume, which can
be detected by a high-precision X-ray powder diffract-
ometer. For example, the introduction of metal species into
zeolite framework could cause a slight change of the
diffraction peak (302) from 26 = 22.68° for Si-BEA to 20 =
22.50° for Ta-Si-BEA, and from 26 = 22.63° for H-BEA to
22.5° for Ti-BEA [77,86,87]. During the post synthesis
procedure, the expansion of the BEA framework would
occur after Sn introduction, and the d5¢, spacing gradually
increases with enhancing the Sn loadings, e.g., from
3.897A for Si-BEA (26 = 22.80°) to 3.927 A for 5%Sn-
BEA and then to 3.939 A for 10%Sn-BEA [88]. This
indirectly demonstrated the expansion of the BEA frame-
work, revealing that Sn species had been successfully
introduced into the BEA zeolite framework. In addition,
the increase of zeolite unit cell volumes can be observed
after heteroatom introduction according to XRD results. In
comparison with silicate-1 zeolite, the unit cell volume of
Sn-MFI (Si/Sn= 100) zeolite increased from 5.345 to
5.361 nm?® [89]. In contrast, the extra-framework oxides
would not result in the changes of the zeolite unit cell.

32 FTIR

FTIR spectroscopy is commonly applied to identify the
incorporation of heteroatoms into the zeolite framework
according to the difference in the vibration or rotation
frequencies of functional groups. Typically, the band at
~960 cm™ is commonly used as an indicator of heteroatom

incorporation in the zeolite framework. In addition, the
intensities of this band are reported to be proportional to
the heteroatom concentration in the zeolite [82,83,90-92].
Therefore, if the heteroatom concentration in the zeolite is
very low, the aforementioned absorption band is not
obvious or might be overlapped by other bands, making it
difficult to identify. In addition, the length of the M—O (M
as heteroatom) bond becomes longer in comparison with
the heteroatom free counterpart, making the infrared (IR)
absorption bands shift to lower wavenumbers. For
example, the dominant band at 1100 cm™ attributed to
the asymmetric stretching of T-O (where T denotes Si, Al
or Fe) bond in Fe-free MFI sample shifts to lower
frequency of 1083 and 1086 cm™' for Fe-MFI zeolites.
This shift indirectly indicates that the substitution of Fe
species in the MFI zeolite framework [93].

During the post synthesis procedure, significant changes
in the silanol groups of BEA zeolites can be observed
during the dealumination and introduction of metal
heteroatoms. Therefore, the diffuse reflectance FTIR
spectra of hydroxyl groups on the zeolites are utilized to
determine zeolite dealumination and heteroatom introduc-
tion. For the parent H-BEA zeolite, a dominant band at
3735 cm™ due to Si-OH defects and an obvious band at
3605 cm™ due to bridging hydroxyl group Si-OH-Al can
be observed. After dealumination, the 3605 c¢cm' band
disappears, while a new broad band around 3510 cm™ due
to the formation of hydroxyl nests appears. The Si—-OH
defects and the hydroxyl nests are frequently employed as
the anchoring sites for heteroatoms, and significant
decreases in the intensities of the bands at 3510 and
3735 em™ occur on the samples upon the introduction of
heteroatoms, indicating that the heteroatom interact with
the silanols [82—84,88,94]. However, a very recent study
indicated that the frequently utilized FTIR spectroscopy to
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determine the introduction of Sn species into BEA zeolite
framework require explanation of spectral features with
more imprecision and ambiguity [88]. As similar changes
in FTIR spectra can both be observed over Sn-containing
BEA zeolites with the framework and extra-framework Sn
species. That is, the framework Sn sites cannot be directly
identified solely by this method.

3.3 UV-vis

UV-vis spectroscopy is also frequently utilized for
identifying the coordination states of heteroatoms in
zeolites, such as Ti- [14], Zr- [15], V- [16], Fe- [17], W
[18] and Sn-containing zeolites [19]. It is generally
accepted that the heteroatoms in the zeolite framework
will give a sharp absorption peak at 200 to 230 nm, owing
to the p—d transition of the lone pair of electrons on the 2p
orbital of oxygen to the d empty orbital of the adjacent
framework heteroatoms. While the extra-framework oxi-
des show a broad absorption peak at 300 to 480 nm. In
addition, as an excellent water-tolerant catalyst, the effect
of water on the nature of Sn species in Sn-BEA zeolites can
be identified by in situ UV-vis spectroscopy [88]. Upon
hydration, a red-shift of the band at 207 nm owing to
tetrahedrally coordinated Sn species toward higher wave-
lengths with a maximum absorbance at ca. 224 nm
occurred for Sn-BEA zeolite. This new band observed at
224 nm after hydration was attributed to the hydrated
forms of isolated Sn(IV) species with high coordination
numbers like Sn(O),(OH),(H,0).. While the broad band at
around 285 nm due to the extra-framework SnO, oxide
was nearly unaffected upon both hydration and dehydra-
tion. Therefore, the successful incorporation of heteroa-
toms into the zeolite framework can be identified
according to this approach.

3.4 Raman spectroscopy and UV Raman

Most metal oxides have a strong light scattering effect in
Raman spectroscopy and, therefore, Raman spectroscopy
can be used as an auxiliary means to distinguish
heteroatom species in the framework or extra-framework
positions. According to the principle of resonant Raman,
the Raman bands related to specific heteroatom species can
be selectively enhanced with appropriate excitation
wavelength.

Currently, Raman spectroscopy is not widely used in the
zeolite characterization because of the intense fluorescence
interference and the resulting poor quality or even
uninterpretable of spectra especially when the frequency
of the laser excitation source is in the near-ultraviolet and
visible regions. The application of UV Raman can shift the
excitation light from the visible region to the ultraviolet
region, thus effectively reducing the fluorescence inter-
ference and producing a better signal-to-noise ratio [95—
99]. Interestingly, the utilization of 244 nm excitation light

Front. Chem. Sci. Eng. 2021, 15(6): 1462-1486

can selectively enhance the Raman bands related to Ti
species in the zeolite framework. In comparison with
silicalite-1, new bands at 490, 530 and 1125 cm ' attributed
to framework Ti species appear on TS-1 with the utilization
of 244 nm excitation light. In contrast, the Raman bands
due to the extra-framework Ti species (at 144, 390 and 637
cm™) are hardly affected. Moreover, the utilization of 266
nm excitation light can accurately determine the Ti species
in zeolite framework and identify the open-state octahed-
rally coordinated Ti species with remarkable catalytic
performance [91,100,101]. Recently, Zhang et al. studied
the evolution of Ti species during the post-treatment of B-
containing Ti-MWW (B-Ti-MWW) zeolite by UV Raman
and found that acid treatment of as-synthesized B-Ti-
MWW not only removed about half of the absolutely
dominant non-framework TiOg species but also made the
other part converted into framework TiO,4 species [102]
(Fig. 5). In contrast, acid treatment of calcined B-Ti-MWW
made most of the dominant non-framework TiOg species
being transformed into anatase TiO,. The B-Ti-MWW
synthesized by acid treatment and subsequent calcination
showed good catalytic activity of 1-hexene epoxidation,
demonstrating that the acid treatment significantly
improved the catalytic performance due to the transforma-
tion of non-framework TiOg to active framework TiOy. In
short, UV Raman can be an effective method to
characterize the framework heteroatoms in the zeolites.

3.5 XPS

XPS is frequently used as a qualitative and also a
quantitative method to analyze the atoms on the surface
of solid samples and determine their valence states over
heteroatom zeolites, such as Y- [16], Nb- [79], Ce- [82],
Sn- [52,83], Ti- [94], Mn- [103], and Zr-containing zeolites
[84]. The XPS results of Mn 2p3/2 can be fitted to three
peaks over Mn-MFI zeolite: the peak at 641.34 eV was
attributed to tetrahedral coordination Mn(Il) species in
zeolite framework, while the peak at the binding energy of
642.51 eV was assigned to Mn(Ill) species in the
framework [103]. Due to the strong interaction between
Si and Mn in the framework, their binding energy was
greater than the binding energy of manganese oxides
(MnO/Mn,03). Several recent studies also indicated
[83,52] that XPS can be utilized as an auxiliary means to
determine the framework and extra-framework Sn species
in the Sn-containing zeolite. Different binding energy
values of 487.8 and 486.0 eV attributed to Sn 2p3/2 of
tetrahedral framework Sn and octahedrally coordinated
extra-framework Sn species, respectively, could be
observed.

3.6 ssNMR

ssNMR is an effective tool to determine the micro-
chemical environment and the local structure of heteroa-
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toms in zeolites. It is especially suitable for monitoring tiny
changes of zeolite in microstructure using the NMR
spectrometer with high magnetic fields. In addition, the
crystal structure of the aluminosilicate and silicoalumino-
phosphate zeolites framework can be directly illustrated by
#8i, 7Al, *'P MAS NMR spectroscopy. 2°Si MAS NMR is
normally employed to determine the chemical state of
framework heteroatoms. Typically, Si-O-M bond formed
after the heteroatom (M) incorporating into the framework
can lead to the tiny changes in the chemical environment
around Si atoms. A new shoulder peak appears at higher
magnetic field of the original Si(OSi), resonance peak,
providing an indirect evidence for the incorporation of
heteroatoms into the zeolite framework. For Sn-MFI
zeolites [104], the chemical shifts at about —103 and
—113 ppm are generally assigned to Si(OSi);(OH) (Q?) and
Si(OSi)4 (Q"), respectively. Typically, the incorporation of
Sn atoms into the zeolite framework causes the occurrence
of shoulder peaks at around —116 ppm, owing to the
induction effect of Sn atom on neighbor Si atoms.
Additionally, the ratio of these two peak intensities, 7 14/
1_03, increased with rising Sn-Si ratio, revealing that the
chemical environment around the framework Si changes
due to the introduction of Sn species.

While for the heteroatom zeolites, such as B-, Ga- and

Sn-containing zeolites, the corresponding "B, 7'Ga and
'Sn MAS NMR spectroscopy can be applied to identify
the existing state of heteroatoms. For instance, "'Ga MAS
NMR signal at about 156 ppm was assigned to tetrahedral
Ga incorporated in zeolite framework, while the signal at
around 50 ppm was attributed to extra-framework Ga
specie [105,106]. '"Sn MAS NMR spectra is widely
utilized to determine the coordination state of Sn species in
the Sn-containing zeolite (Fig. 6), and two different
coordination states of Sn species in Sn-BEA =zeolite
framework, i.e., open Sn(OSi);(OH) and closed Sn(OSi),
tetrahedral Sn sites, can be identified. The '"Sn MAS
NMR signals at —422 and —443 ppm for dehydrated Sn-
zeolite were assigned to open Sn(OSi)3;(OH) and closed Sn
(OSi), Sn sites, respectively. After hydration, new ''°Sn
MAS NMR signals at —689 and —703 ppm owing to
octahedrally coordinated Sn sites could be observed [107].
Such an interconversion of the tetrahedrally coordinated
into octahedrally coordinated Sn sites during the hydration
process is related to the coordinated water molecules at Sn
sites (Fig. 6(A)). However, the application of this method
is limited because of the low natural abundance level of
"9Sn isotope (8.6%), which requires an experiment time of
several days for each '""Sn MAS NMR measurement
[108]. For improving the detection sensitivity on Sn-BEA
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zeolites, the dynamic nuclear polarization surface-
enhanced NMR spectroscopy (DNP-SENS) was
employed, and the sensitivity could be enhanced by 28—
75 times (Fig. 6(B)) [108]. Three hexacoordinated Sn
species of S1, S2 and S3 could be observed on Sn-BEA
zeolite with different Sn content via DNP-SENS NMR
technology (Fig. 6(C)) [109]. Further "°Sn two-dimen-
sional cross-polarization magic-angle turning (2D-
CPMAT) NMR measurements and theoretical calculations
clearly revealed that the S1, S2 and S3 signals of spectra of
Sn-BEA were attributed to the six-coordinated “closed” Sn
species associated with two water molecules, the six-

Front. Chem. Sci. Eng. 2021, 15(6): 1462-1486

coordinated “open” tin species with two water molecules
and the extra framework SnO, species, respectively (Fig. 6
(D)). Besides, Deng et al. unambiguously identified the
aforementioned two types of open Sn sites via correlating
the hydroxyl groups to Sn atoms by one- and two-
dimensional proton-detected 'H/''?Sn correlation ssNMR
spectroscopy (Fig. 6(E)) [110].

3.7 XAS

With the absorption edge as the relative zero point of
energy, XAS can be divided into X-ray absorption near
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edge structure (XANES) in the low energy region and
extended X-ray absorption fine structure analysis (EXAFS)
in the high energy region. The XANES absorption peak is
derived from multiple scattering of photoelectrons between
adjacent atoms. The shape of the spectrum is associated
with the chemical bond type and coordination symmetry of
the absorbing atom as well as the electronic transition form
of the metal atom. In this way, it is possible to determine
the heteroatom species in zeolite framework or extra
framework positions. The absorption peaks could be
observed in the front edge area of the XANES spectrogram
over Fe-MFI, but which are absent over a-Fe,O; and
FeOOH (six-coordinated, octahedral geometry) samples.
According to the theoretical calculations, the weak
absorption peaks were attributed to the 1s—3d electron
transition. Based on the dipole transition selection rule, this
transition was inhibited in the complete octahedral
symmetric structure, whereas it might occur in the
tetrahedral coordination structure. Hence, the transition
was considered as the transition of Fe in the tetrahedral
coordination structure of the zeolite framework [111].

The changes in the photoelectron absorption intensity
with the distance from the central atom (the distance
represents the number of coordinated layers) demonstrat-
ing the short-range order structure state around the
absorption atom can also be identified by EXAFS. The
first coordination shell of the central atom can be
calculated by the single-layer fitting method to obtain
important structural information, such as the coordination
number and the length of coordination bond. The Sn—O
bond length (1.91 A) of tetrahedrally coordinated frame-
work Sn sites was smaller than the Sn—O bond length (2.05
A) of the octahedrally coordinated SnO, species [112].
Stepanov et al. [113] detected the parameters of Zn**/H-
BEA zeolite: Ry, o =~ 1.96-2.02 A, CN= 3.8, and 2¢° =
0.012 A? via EXAFS spectrogram, without the peak of Zn—
O-Zn (in the area of ~2-6 A), and indicated that the
isolated Zn ions were the dominant species in the Zn-
containing BEA sample.

Yan et al. [114] found that Co and Ni atoms can be
incorporated into MCM-41 structure in the form of
octahedral coordination using XANES and EXAFS. The
Co atoms in Co-MCM-41 molecular sieve showed the
similar pre-edge features as CoO oxides, indicating Co
species existed in the form of Co*" in the as-prepared
sample. Similar results could also be obtained in the XAS
spectra for Ni-MCM-41 sample. Berlier et al. investigated
the activation on the Fe states in Fe-MWW zeolite via
EXAFS and XANES technique [115]. For the as-
synthesized Fe-MWW sample, isolated Fe*™ species
were presented in tetrahedral coordinated framework
with Fe-O distance of 1.87 £0.01 A. Template burning
and subsequent activation would cause partial framework
Fe*™ species migration out of the zeolite framework,
accompanied by the reduction of Fe*™ to Fe*™ (with Fe-O
distance of 1.86 +£0.02 A). Simultaneously, the XANES
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characteristic peak (1s — 3d peak of Fe) at 7114.4 eV for
Fe’" species shifted a little bit to 7114.3 eV assigned to
extra-framework Fe** species. And the significant reduc-
tion of EXAFS signal also showed the reduction of
framework iron species, with the Fe—O peak decreasing
from 9.7 to 4.3 A. Partial extra-framework Fe?* species
could adsorb NO to form Fe**(NO); complexes, resulting
in the corresponding changes in the XANES and EXAFS
spectra. This indicates that a mixture of Fe** and Fe** ions
exist in the calcined Fe-MWW zeolite. That is, Fe species
existed in the form of isolated tetrahedral coordinated Fe**
and coordinated unsaturated extra-framework Fe*™ spe-
cies. Lamberti et al. [116] summarized the substitution of
Ti, Fe and Ga in zeolite framework by EXAFS and
XANES technique. Tetrahedral coordination Ti(IV) spe-
cies would give an XANES characteristic peak at 4969 eV.
In addition, the structural changes of Ti active sites in the
TS-1/H,0,/H,0, a good oxidation catalyst system, can be
explored by in situ XANES and EXAFS spectroscopy
(Fig. 7). After the interaction between TS-1 and H,O,/
H,0, the XANES pre-edge feature would decrease from
0.9 to 0.16, and two peaks occurred at around 4984 and
4995 eV, owing to the side-on #°-Ti-peroxo complex. After
reaction for 24 h, the aforementioned characteristic peaks
almost disappeared because of the water sublimation, but
they could be restored by contacting the sample with water
again.

3.8 Acidity characterization

After the introduction of heteroatoms, the zeolite structure
can be well preserved, while the physiochemical proper-
ties, especially the acidity and redox properties, would be
greatly altered, thereby influencing the catalytic perfor-
mance and broadening the catalytic applications. There-
fore, the accurate characterization of the acidity of
heteroatom zeolite is particularly important for establishing
the structure-selectivity relationship.

Temperature programmed desorption of probe mole-
cules is an effective way to analyze the total acid amount
and acid strength of zeolite samples [117]. Typically, the
basic probe molecules (NHj;, pyridine, n-butylamine,
quinoline, etc.) are first adsorbed on zeolites. Then, the
zeolite samples are treated in inert gas flow or under
vacuum to remove the physically adsorbed basic mole-
cules. When NHj is utilized as a probe molecule, the
desorption temperatures in the NH3-TPD (temperature-
programmed desorption) curve represent the acid strength,
while the corresponding peak areas response to the acid
density. In addition, IR spectroscopy associated with probe
molecules can be utilized as a tool to quantitatively
determine the acid type, i.e., Bransted and Lewis acid sites.
Upon pyridine adsorption, the characteristic FTIR peaks
appearing at 1540 and 1450 cm™ can be attributed to
Brensted and Lewis acid sites, respectively. In addition,
after interacting with pyridine, both Brensted and Lewis
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acid sites can produce an absorption band at 1490 cm™.
According to the desorption temperature, the acid strength
can be compared by this method. For example, TS-1 and
Ti-MCM-41 samples with the weak Lewis acid sites both
exhibit good catalytic performance in the transesterifica-
tion reaction [118], but the catalytic activity is in
proportion to the acid strength, i.e., TS-1 < Ti-MCM-41.
This can be due to the open tetrahedral Ti(OH)(OSi);
species in Ti-MCM-41 can form a more stable Ti-pyridine
complex in comparison with the closed tetrahedral
Ti(OSi), species in TS-1. Furthermore, associated with

FTIR spectroscopy, weakly basic molecules such as
pyrrole, CD;CN, and CO can be applied as probe
molecules to determine the surface acidity of the zeolite
[49,119-121].

In addition to the aforementioned methods, ssSNMR
spectroscopy associated with different probe molecules,
can be utilized as a powerful means to determine the type,
strength and density of acidity in solid acid catalysts
(Fig. 8). For example, *C MAS NMR of adsorbed 2-"*C-
acetone and 'H MAS NMR of adsorbed NHj, perdeuter-
ated acetonitrile and pyridine have been utilized to probe
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the acid properties of various solid acids based on acid-
base interactions. In particular, *'P MAS NMR of adsorbed
phosphorous probe molecules, namely trimethylphosphine
(TMP) and trialkylphosphine oxides, have been reported to
be sensitive and reliable techniques capable of providing

qualitative information such as the type and strength of
acid sites in various solid acids [122-126]. In the '"H MAS
NMR spectra of NH; loaded Sn-MFI and Sn-Al-MFI
(Fig. 8(A), left), the signals in the range of d,y = 0.8—
3.0 ppm were attributed to NH; adsorbed on Lewis acidic
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Sn sites, while the signal at d;1; = 6.4 ppm was assigned to
NH; adsorbed on Brensted acid sites. The intensities of
aforementioned signals can be utilized for quantifying the
number of accessible Lewis and Brensted acid sites. The
acidity of Sn-MFI and Sn-Al-MFI zeolites was also
investigated by *'P MAS NMR spectroscopy using TMP
oxide (TMPO) as the probe molecule (Fig. 8(A), right)
[127]. For Sn-MFI, the *'P MAS NMR signals in the range
of 46-50 and 56-61 ppm were attributed to TMPO
adsorbed at Lewis acid sites and Brensted acid sites,
respectively. Zhang et al. investigated the relationship
between Al distribution and Brensted acidity of a series of
H-BEA zeolites derived from dealumination of Al-rich H-
BEA zeolite by Al MAS/MQ MAS and *'P MAS NMR
spectroscopy using TMPO as probe molecules [128].
Three types of Brensted acid sites corresponding to
different specific Al T-sites were demonstrated. Mafra et
al. investigated the acid properties of a dehydrated
borosilicate, HAMS-1B (H-B-MFI), including the acid
types, strengths, location, and quantities via multinuclear
1D/2D MAS NMR experiments using TMPO as probe

molecule (Fig. 8(B)), and six types of acid sites owing to
Bronsted and Lewis acid sites inside or outside of the
channels were identified [129].

4 Application for multifunctional heteroa-
tom zeolites

4.1 Biomass conversion

As a source of clean energy, biomass can be converted into
liquid or gaseous high-value fuels and other chemicals.
The introduction of Sn-containing BEA zeolite makes a
great breakthrough in the utilization of solid Lewis acids in
the aqueous-phase reactions, especially for the biomass
conversion. More detailed information on the design and
applications of Lewis acidic heteroatom zeolites can be
found in the recent review articles [70,130]. Herein, we
mainly introduce the applications of multifunctional
heteroatom zeolites in cascade reaction of biomass
(Table 2).

Table 2 Applications of multifunctional heteroatom zeolite for the biomass conversion

Reactant Product Catalyst Conditions ¥ Creactant™/% pmducta)/% Refs.

Glucose 5-(Ethoxymethyl)furfural MFI-Sn/Al EtOH, 413K, 9 h 100 44 [25]

Cortalcerone Furylglycolic acid Al-Sn-Beta H,0/MeOH, 42 539 [26]
358K, 0.5h

Glucose 5-Hydroxymethylfurfural Sn-Al-Beta DMSO, 433 K, 4 h 60 62" [36]

Furfural (FAL) Bio-products Sn-Al-Beta 2-BuOH, 393K, 5 h 86 839 [39]

FAL y-Valerolactone (GVL) Sn-Al-Beta 2-BuOH,453 K, 24 h 100 60 [40]

FAL Furanic ethers Sn-Al-Beta 2-BuOH, 393 K, 107 h on 100 75 [41]

stream

Glucose Methyl levulinate Sn-Al-Beta MeOH, 453 K, 5 h 100 49 [42]

Glucose Methyl lactate Mg-Sn-Beta MeOH, 443 K, 5 h 100 50 [38]

Sn—-Al-USY MeOH, 443 K, 6 h 100 40 [43]

Levoglucosan Lactic acid Sn-Beta—Ca H,0, 463 K, 2 h, 2 MPa N, 100 66 [44]

Glucose Lactic acid In—Sn-Beta H,0,463 K,2h 100 53 [45]

Zn—Sn-Beta H,0,463 K,2h >99 54 [46]

Dihydroxyacetone Methyl lactate Sn-Al-MFI MeOH, 363 K, 4 h 100 ~95 ® [127]

FAL Bio-products Zr-Al-TUD-1 2-BuOH, 393K, 7 h 70 61° [27]

Zr-Al-Beta 2-BuOH, 393 K, 7 h 85 76 © [27]

Cinnamaldehyde 1-Cinnamyl-2-propyl ether Zr-Al-Beta i-PrOH, 355K, 5 h 97 94 [37]

Gurfural Bio-products MP-ZrAl-Beta-m 2-BuOH, 423 K, 7 h 96 93 9 [48]

ZrAl-Beta/TUD-1 2-BuOH, 423K, 5 h 99 95 ) [48]

Xylose GVL Zr-Al-Beta i-PrOH, 463 K, 48 h 100 mol 35 mol [47]

Zr-Al-SCM-1 i-PrOH, 443 K, 28 h 100 47 [131]

Zr-Al-Beta i-PrOH, 463 K, 10 h 100 34 [132]

FAL GVL Meso-Zr-Al-Beta i-PrOH, 393 K, 24 h 100 95 [133]

Triose Ethyl lactate Meso-Zr-Al-Beta EtOH, 363 K, 0.5 h 95 86 [133]

Glucose 5-Hydroemthylfurfural Meso-Zr-Al-Beta DMSO, 433 K, 4 h 100 49 [133]

a) Based on the highest yield reported in the literature; b) product selectivity; ¢) bio-products total yield.
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Several key reaction steps are usually involved in the
biomass conversion, and catalysts with multiple function-
alities are generally required (Fig. 9) [131]. For example,
multifunctional heteroatom zeolites with Brensted and
Lewis acid sites are necessary in the tandem catalytic
processes for sustainable chemical production. Typically,
the Sn-Al-zeolites containing both Brensted and Lewis
acid sites are widely utilized in the tandem catalytic
processes [26,35,36,39-42,127,134], including Baeyer-
Villiger oxidation, 1,3-dihydroxyacetone conversion into
ethyl lactate, glucose conversion into furylglycolic acid
and so on. The FAL to GVL reaction can be realized over
bifunctional Sn-Al-BEA zeolite, and the product selectiv-
ity can be well controlled according to balance between
Bronsted and Lewis acid sites [40]. After optimization, the
GVL yield over bifunctional Sn-Al-BEA zeolite (Si/Sn=
63, Si/Al=473) could reach up to 60%.

Iglesias et al. prepared bifunctional Sn-Al-FAU zeolite
via the post-synthesis approach and applied it in the
glucose to methyl lactate conversion [43]. After ion
exchange with alkali and alkali metal, the ratio of Brensted
to Lewis acid sites could be well controlled, which showed
an important impact on the product selectivity (Fig. 10).
Under identical reaction conditions, Sn-Al-FAU exhibited
good catalytic performance of more than 40% methyl
lactate yield and remarkable stability in the glucose to
methyl lactate conversion. The synergetic effect of
Bronsted and Lewis acid sites in the alkali-exchanged
Ca-Sn-BEA zeolite could greatly promote the catalytic
activity in the glucose to methyl lactate conversion [44].
Besides, the addition of metal Zn and In in Sn-BEA zeolite

\/
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could effectively inhibit the side reaction of fructose
dehydration to 5-hydroxymethylfurfural and the subse-
quent decomposition, thereby promoting the formation of
lactic acid from glucose [45,46].

The formation of mesopores and hierarchically porous
can facilitate the diffusion of large molecules within the
pore channels and increase the accessibility of active sites
to the substrates [135-137]. Therefore, Sn-containing
zeolite with hierarchical pore structures can be utilized in
the transformation of macromolecule biomass [25,42,138].
The bifunctional meso-/microporosity Sn-Al-MFI zeolite
could effectively catalyze the three-step reaction of glucose
to 5-(ethoxymethyl)furfural in ethanol solvent, and a high
5-(ethoxymethyl)furfural yield of 44% could be achieved.
During the reaction, glucose was isomerized to fructose at
the Lewis acid sites, then fructose could be dehydrated to
5-hydroxymethylfurfural, and thereafter etherified to
5-(ethoxymethyl)furfural at the Bronsted acid sites (Fig. 11).

The multifunctional Zr-Al-BEA zeolite has been also
utilized as a promising catalyst in other biomass cascade
reactions [27,37,47,48,132]. Li et al. constructed a multi-
functional meso-Zr-Al-BEA zeolite via the post-synthesis
approach, and which could be utilized as a robust catalyst
for cascade reactions in biomass valorization [133]. Upon
optimization, a 95% yield of GVL could be achieved. The
layered mesoporous Zr-Al-SCM-1 zeolite with a large
specific surface area was also prepared by a post-synthesis
method to catalyze the direct conversion of xylose to
GVL (Fig. 12(A)) [131]. A GVL yield of 36.4% could
be achieved at 170 °C with a time-on-stream of 48 h
(Fig. 12(B)). In addition, few amounts of 2-propoxy glycol
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Fig. 9 Converting biomass into high value chemicals. Reprinted with permission from ref. [131], copyright 2020, Elsevier Inc.
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and 2-propyl lactate could be detected, indicating that the
reaction route B was involved in this process (Fig. 12(C)).
The good recyclability of multifunctional Zr-Al-SCM-1
zeolite demonstrated its great potential for applications in
the tandem conversion of other biomass macromolecules.

4.2 Environmental applications

4.2.1 N,O decomposition

Heteroatom zeolites can be used in N,O catalytic
decomposition reactions. Xu et al. prepared the bimetallic
Ir/Fe-FAU zeolite by liquid-solid isomorphous substitution
method, and a homogeneous dispersibility of Ir and Fe
species in the zeolite framework could be achieved [57]. In
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addition, the formation of AIl-O-Fe species and the
synergistic effect between Ir and Fe sites guaranteed its
excellent catalytic performance and good stability in the
decomposition of N,O.

4.2.2 Separation and detection of gases

Traditionally, zeolites are widely utilized in the gas
adsorption and separation. With the development of
heteroatoms zeolites, the characteristics of zeolite can be
changed and might be more suitable for the specific gas
adsorption and separation. Recently, Grand et al. [29]
prepared highly hydrophobic W-MFI zeolite membrane to
detect low-concentration exhaust gas (NO, CO, NO,, and
CO,). The introduction of W species into the zeolite
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Fig. 12 (A) TEM images of Zr-Al-SCM-1; (B) xylose conversion and selectivity to products in 2-propamol over Zr-Al-SCM-1 zeolite
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[131], copyright 2020, Elsevier Inc.
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framework could efficiently reduce the number of hydro-
philic silanol groups, thus improving the hydrophobicity of
zeolite. In comparison with the traditional Si-MFI film, the
heteroatom W-MFI film exhibited the higher sensitivity to
low-concentration exhaust gas, even able to detect the
ultra-low concentration CO, (1-3 ppm) and NO, (1 ppm)
in the atmosphere. Besides, the Sn-MFI zeolite films
prepared in the similar method exhibited good adsorption
capacity of NO, and could be utilized in the selective
detection of automobile exhaust [30].

4.3 Chemical synthesis

4.3.1 Ethanol conversion

Bioethanol obtained from the fermentation of sugars and
starch is regarded as a most attractive renewable material to
produce basic chemicals like acetaldehyde, acetic acid,
isobutene, and butadiene [139,140]. In particular, the
conversion of ethanol to butadiene (ETB) is becoming an
attractive route since butadiene is an important monomer
for the production of polymers and polymer intermediates
[50,120,141]. Several key reaction steps are now generally
accepted in the ETB conversion, including 1) the
dehydrogenation of ethanol to acetaldehyde; 2) the aldol
condensation of acetaldehyde to acetaldol; 3) the dehydra-
tion of acetaldol to crotonaldehyde; 4) the MPV reduction
of crotonaldehyde to crotonyl alcohol; 5) the dehydration
of crotonyl alcohol to butadiene (Fig. 13). Obviously, this
is a very complicated reaction process and catalysts with
multiple functionalities are required.

On the basis of the aforementioned reaction route, two
independent catalytic cycles of a one-step process were
proposed by Sushkevich and Ivanova, i.e., dehydrogena-
tion of ethanol into acetaldehyde over metal sites and
acetaldehyde/ethanol transformation into butadiene at
Lewis acid sites [50,119]. They prepared Zr-BEA zeolite
by hydrothermal synthesis first, and then loaded with Ag
species by wet impregnation. Over this bifunctional Ag/Zr-
BEA catalyst, a butadiene yield of 27% can be achieved.
At Ag sites, the ethanol dehydrogenation to acetaldehyde
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occurred, while the further aldol condensation of acet-
aldehyde could take place on the Lewis acidic Zr sites.
After combining the two species in one catalyst Ag/Zr-
BEA, a synergistic effect could be well embodied and a
high selectivity to butadiene was achieved. Later, an
improved method for preparing bifunctional Ag/Zr-BEA
zeolites was proposed, and more Zr open sites Zr(OSi)OH
could be obtained. In comparison with the former Ag/Zr-
BEA catalyst, the new bifunctional material with more Zr
open sites exhibited strong Lewis acidity, which is
beneficial to ethanol to butadiene conversion with a high
butadiene productivity of 0.58 g'-h™ and butadiene
selectivity of 60%. In addition, Kyriienko et al. prepare a
Ta-BEA catalyst and then doped with different metals (Zn,
Ag, and Cu) for ethanol to butadiene conversion [49].
Upon optimization, high catalytic activity with 88%
ethanol conversion and 73% butadiene selectivity could
be achieved. Recently, Wang et al. reported a multi-
functional ZnHf-MFI zeolite nanosheets for ethanol to
butadiene conversion [51]. In comparison with the normal
ZnHf-MFI, the nanosheet structure of the new material
facilitated a higher catalytic activity in the ethanol to
butadiene conversion, and a 64.6% ethanol conversion
with 73% butadiene selectivity could be achieved.

4.3.2 Propane dehydrogenation

Light olefins are very important platform molecules in the
petrochemical industry. Direct dehydrogenation of light
alkanes offers an alternative route for olefin production in
comparison with the traditional catalytic cracking or the
newly established methanol-to-olefins conversion. Pt-
based catalyst has been widely utilized as an effective
catalyst in propane dehydrogenation to propene reaction.
Wang prepared a bifunctional PtSn-BEA zeolite via a two-
step post synthesis method for propane dehydrogenation
reaction [52]. The framework Sn species could change the
interface characteristics between Pt and zeolite support,
thus promoting a high dispersion of Pt species in
zeolite. Good stability and a high propene productivity of
2.3 mol-g'p-h™" with high selectivity of >99% could be

(0] +H,
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Fig. 13 Proposed reaction pathways of ethanol conversion into butadiene. Reprinted with permission from ref. [50], copyright 2016,

Elsevier Inc.
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achieved over PtSn-BEA zeolite catalyst. Xu et al. also
prepared a Pt/Sn-BEA zeolite via the similar method for
propane dehydrogenation to propylene reaction, and an
initial propane conversion of 50% with a high propene
selectivity of >99% could be obtained [53]. Additionally,
the bifunctional TS-1 based zeolites also exhibited
remarkable activity in the reaction of propane dehydro-
genation. Recently, Li et al. prepared a bimetallic PtSn/TS-
1 zeolite through a post-synthesis method and applied for
propane dehydrogenation reaction [54]. The introduction
of Sn species could effectively decrease the acidity, thus
inhibiting the formation of carbon deposits on Pt surface,
and consequently, a 52.4% propane conversion could be
obtained.

4.3.3 Olefin epoxidation

Ti-containing zeolites such as TS-1, Ti-Beta, Ti-MWW, Ti-
YNU-1, etc. have exhibited remarkable activity in
selective oxidations [94,142,143]. In particular, TS-1 is
most widely used in liquid phase oxidation reactions, such
as epoxidation of olefins [144—147], ammoxidation of
ketones [148-150], and oxidation of alcohols [151],
alkanes [152] and thiophenes [153], etc. The reaction of
propylene epoxidation and ammoximation of cyclohex-
anone has realized industrial applications. To improve the
epoxide selectivity, a bifunctional palladium-modified Ti-
MCM-41 molecular sieve was prepared via the post-
synthesis method, followed by surface silylation with
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trimethylchlorosilane [55]. The Pd modification and sur-
face silylation treatment could effectively inhibit the
hydrolysis of propylene oxide, and a high propylene
oxide selectivity of ~100% could be obtained.

Recently, a bifunctional TiSn-BEA zeolite was con-
structed by a simple and scalable post-synthesis route, and
was utilized as a robust heterogeneous catalyst for the
tandem conversion of alkenes to 1,2-diols [56]. The
isolated Lewis acidic Ti and Sn sites within the TiSn-BEA
zeolite could efficiently integrate the alkene epoxidation
and the epoxide hydration in tandem in zeolite micro-
reactor to achieve the one-step conversion of alkenes into
1,2-diols with a high selectivity of above 90% (Fig. 14).

4.3.4 Cyclohexane oxidation

Cyclohexane oxidation is an important approach to
produce the chemical raw material cyclohexanone. Several
heteroatom molecular sieves, such as V-MCM-41, V-
MCM-48, Ce-MCM-48 and CoAIPO-5 have been utilized
in the cyclohexane oxidation, but unfortunately with low
catalytic activity [154—156]. In comparison with the mono-
substituted heteroatom zeolites, bicomponent heteroatom
zeolites can greatly enhance the catalytic activity in the
cyclohexane oxidation. Liu et al. reported a bicomponent
CrCoAIPO-5 zeolite for cyclohexane oxidation, and a
significant enhancement of the cyclohexane conversion
could be obtained due to the synergistic effect between Cr
and Co active sites [31]. Zhou et al. also prepared a
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Fig. 14 Routes for the conversion of alkenes to 1,2-diols. (a) Indirect route including two processes: alkene epoxidation and epoxide
hydration; (b) tandem catalytic route. Reprinted with permission from ref. [56], copyright 2021, Elsevier Inc.
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multifunctional FeCoMnAIPO-5 zeolite catalyst for cyclo-
hexane oxidation, and an obvious enhancement for the
catalytic activity could be achieved [32]. With the presence
of synergistic effect between multifunctional active sites,
the cyclohexyl hydroperoxide intermediate can effectively
decompose to cyclohexanol and cyclohexanone.

In addition, multifunctional heteroatom zeolites can be
utilized in other important catalytic reactions. For example,
multifunctional CuMn-BEA zeolite exhibited high activity
and stability in the soot oxidation [58]. The cooperative
effect between Cu™ and Mn"* active species in the catalyst
contributed to generating highly-active oxygen species
O /O* and NO, intermediate. In comparison with mono-
substituted Ti-MFI and W-MFI zeolites, the bifunctional
W-Ti-MFI (W-TS-1) zeolite exhibited remarkable activity
in the oxidative desulfurization reaction [33]. Ga-Al-MFI
with strong acid sites (formed by framework Al and Ga) as
well as dehydrogenation functions (formed by the
combination of Ga-oxide and zeolitic protons) exhibited
good catalytic activity in low-temperature nonoxidative
activation of methane [34]. SnAl-BEA zeolite with
Brensted and Lewis acid sites also exhibited good activity
in the trioxanehe to polyoxymethylene dimethyl ether
(OME) reaction [59]. As shown in Fig. 15, the decom-
position of trioxanehe or paraformaldehyde occurred at
Broensted acid sites, while the OME formation took place at
Lewis acid sites (Fig. 15).

5 Summary and outlook

As an efficient strategy to construct the catalytically active
sites in zeolites and expand their catalytic applications,
heteroatom zeolites have been drawn significant attentions.
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With heteroatom introduced into zeolite matrix, bifunc-
tional or multifunctional zeolite-based catalysts can be
obtained, which are especially suitable for complicated
processes such as cascade reactions. In the past decades,
significant achievements have been achieved on the
construction, characterization and catalytic applications
of multifunctional heteroatom zeolites. In this review
article, the most representative research progresses on
multifunctional heteroatom zeolites, are briefly summar-
ized, aiming to boost further researches on this important
topic. For zeolite synthesis, two main strategies, i.e., direct
hydrothermal synthesis and post-synthesis modification,
are introduced and compared. For zeolite characterization,
several most useful techniques to identify the structural
information and coordination states of heteroatoms, such
as XRD, FTIR, UV-vis, Raman, XPS, XAS and ssNMR,
are discussed. In the last part, the catalytic applications of
multifunctional heteroatom zeolites are shown with
emphasis on the synergistic effects.

Remarkable achievements have been made concerning
the construction and catalytic applications of multifunc-
tional heteroatom zeolites. However, many issues are still
to be solved. According to the literature reports and our
own experience, some specific challenges on multifunc-
tional heteroatom zeolites are summarized as follows.
1) General synthesis strategies to multifunctional heteroa-
tom zeolites. Since current synthesis strategies are more or
less limited by both the types of heteroatoms and zeolites
hosts, general strategies to construct the multifunctional
heteroatom zeolites are being explored. Especially, a
simple and scalable synthesis strategy with good reprodu-
cibility is mostly desired for industrial production. 2) Exact
location of heteroatoms in zeolites and the synergistic
mechanism for catalytic reactions. While the electronic and
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Fig. 15 Suggested reaction mechanism for the synthesis of OME from dimethoxymethane and trioxanehe with Bronsted and Lewis
sites. Reprinted with permission from ref. [59], copyright 2019, Wiley-VHC.
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coordination states of monocomponent in zeolite frame-
work can be clearly identified by the combination of
various techniques, it is still a challenge to identify the
exact location and spatial proximity among the different
heteroatoms. To solve these issues, advanced characteriza-
tion technique should be developed, for example, high
magnetic field ssNMR spectroscopy with the advanced
methodologies might be helpful. 3) More catalytic
applications of multifunctional heteroatom zeolites. Up
to now, the multifunctional heteroatom zeolites have been
widely utilized in a series of catalytic reactions, including
biomass conversion, N,O decomposition, propane dehy-
drogenation, alkene epoxidation, and so on. Nevertheless,
more irreplaceable catalytic applications are expected for
this unique type of materials, for example, CO, conversion
to highly-valuable chemicals. In addition, the establish-
ment of structure-activity relationship is of great signifi-
cance for the design and optimization of multifunctional
heteroatom zeolite catalysts in future studies.
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