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Steam-assisted crystallization of highly dispersed
nanosized hierarchical zeolites from solid raw
materials and their catalytic performance in lactide
productiont
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Zhe Ma,? Qiang Zhang,? Lin Li,°* Mengyang Chen, {22 Junyan Li* and Jihong Yu

A solvent-free route based on solid raw materials affords higher product yield and lower waste production
compared to the traditional hydrothermal synthesis. However, the as-made zeolites usually present blocky
aggregation states, limiting their mass transfer and exposure of active sites in catalytic applications. Herein,
highly dispersed nanosized hierarchical Beta zeolites with varied Si/Al ratios were prepared via steam-
assisted crystallization from ball-milled solid raw materials. Thanks to the sufficient mixing of solid raw
materials and favorable migration of solid mixture, nanosized Beta zeolites are obtained that are
assembled from nanoparticles (~15 nm) and possess abundant interconnected intraparticle mesopores.
The strategy can also be extended to synthesize nanosized hierarchical ZSM-5 zeolites. The as-prepared
Beta zeolite (Si/Al = 10) exhibits outstanding catalytic performance in conversion of lactic acid to lactide
(as high as 77.5% in yield). This work provides avenues for simple and cost-efficient synthesis of highly
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Introduction

Zeolites with well-defined micropores, tunable active sites, and
high thermal/hydrothermal stabilities are widely used in
adsorption, separation, and catalysis." Particularly, Beta (*BEA-
type) and ZSM-5 (MFI-type) zeolites are excellent shape-selective
catalysts in many industrial catalytic reactions, such as fluid
catalytic cracking, methanol to hydrocarbons, and benzene
alkylation, etc.> The conventional synthesis strategies of zeolites
include hydrothermal, ionothermal, and solvothermal routes,
which require the presence of a large amount of solvents (water,
organic solvents, or ionic liquids) for fast mass transfer of
reactants, eventually resulting in a low product yield of zeolites
and the generation of polluted wastes.® Therefore, developing
a cost-effective method for the synthesis of zeolites in the
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dispersed nanosized hierarchical zeolites, promising their important catalytic applications.

absence of solvents is of great significance from the both
academic and industrial points of view.

To this end, Xiao's group developed a solvent-free route for
the synthesis of zeolites by mixing, grinding, and heating
starting solid raw materials. Compared to the traditional
hydrothermal synthesis, the lack of solvents not only signifi-
cantly increases the product yield of zeolites, but also greatly
reduces waste production. Such a solvent-free route has been
used for the synthesis of a variety of silicoaluminophosphate,®
aluminophosphate, and aluminosilicate’ zeolites with
different topological structures types. However, grinding and
heating the solid raw mixture under solvent-free conditions
generally causes serious aggregation of zeolite products due to
inhomogeneous mixing and low migration rate of solid mixture
during the crystallization process, which results in poor product
uniformity and texture properties.® The above drawbacks of
zeolites prepared by solvent-free route cause low utilization of
acid sites and severe diffusion limitation in the catalytic reac-
tion process, and ultimately lead to the inferior catalytic
performance.’® Therefore, the development of a facile synthesis
strategy to prepare well-dispersed zeolites based on solid raw
materials, particularly with nanosized or hierarchical struc-
tures, is highly desired for catalytic applications.

It is well known that the steam-assisted crystallization (SAC)
strategy from dense-gel has been developed to prepare hierar-
chical zeolites formed with nanocrystals, in which the amount
of organic templates is lower than that in conventional
synthesis approaches.'® For example, Zhang et al. reported the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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synthesis of hierarchical Beta with a small amount of tetrae-
thylammonium hydroxide (TEAOH/SiO, = 0.06) by the SAC
method." Furthermore, the concentrated gel system is benefi-
cial to induce a burst of nucleation and achieve complete
conversion of zeolites in a short time. Bein and co-workers
adopted this SAC method to synthesize the hierarchical Beta
with varied Si/Al ratios from 10 to 33 at nearly 100% yield.*
Despite the above advantages, the preparation process of dry gel
powder is complicated and still requires a lot of water. We
propose that combining steam-assisted crystallization with
a solvent-free route would be a promising synthesis strategy for
preparing highly dispersed nanosized hierarchical zeolites
without forming bulky aggregates and producing wastewater.

In this work, we develop a steam-assisted crystallization
procedure based on ball-milled solid raw materials for
preparing highly dispersed nanosized hierarchical Beta zeolite.
Different from the previous SAC method and solvent-free route,
in this procedure, solid raw materials including Beta seed were
mixed by mechanical ball-milling and then underwent the SAC
process. The final nanosized product presents mulberry-like
zeolite aggregates in size of ca. 200 nm that are assembled
from uniform 15 nm crystallites, giving rise to abundant
intraparticle interconnected mesopores. By this strategy, Beta
zeolites with Si/Al ratios between 10 and 40 are synthesized by
regulating the crystallization conditions. The crystallization
process study reveals that the sufficient mixing of solid raw
materials under ball-milling and favorable migration of solid
mixture under steam conditions account for the construction of
nanoparticles and intraparticle mesopores. Such a strategy can
also be extended to the synthesis of nanosized hierarchical
ZSM-5 zeolites. The present work provides a general strategy for
the simple and cost-efficient synthesis of highly dispersed
nanosized hierarchical zeolites, which will promise them
superior catalytic properties.

Results and discussion

The synthesis procedure of nanosized hierarchical Beta zeolites
via steam-assisted crystallization procedure based on ball-

Nanoparticles with
size of 15 nm

Interconnected
mesopores

&

Steam-assisted
crystallization

Ball-milled
solid raw materials

Nanosized hierarchical
zeolite Beta

Scheme 1 The synthesis procedure of nanosized hierarchical Beta
zeolite. Firstly, solid raw materials including solid silica gel, TEABr,
sodium aluminate, sodium hydroxide, Beta seed, and distilled water
were mixed into a ball-milling jar. After mechanical mixing for 5 h, the
powder mixture was transferred into a Teflon cup for crystallization at
140 °C for 3 days, during which the water necessary for crystallization
was kept separate from the solid mixtures. Upon centrifugation, drying,
and calcination, nanosized hierarchical zeolite Beta can be finally
obtained.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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milled solid raw materials is illustrated in Scheme 1. Typi-
cally, a mixture of tetraethyl ammonium bromide (TEABr), solid
silica gel, sodium aluminate, sodium hydroxide, and distilled
water with a molar composition of 1.0SiO, : (0.0125-0.05)
Al,O3 : (0.117-0.167)Na,O : 0.28TEABr : 3.0H,0 was mixed with
10 wt% seed (relative to silica source) by ball-milling followed by
steam-assisted crystallization. The products are denoted as
Beta-x-BM-SAC, in which x indicates the initial Si/Al ratio in the
mixture (x = 10, 20, and 40). The detailed synthetic conditions
are listed in Table S1.T Furthermore, Beta-20-BM-HT, Beta-20
MG-SAC, and Beta-20 MG-HT zeolites prepared by different
mixing methods including ball-milling (BM) and manual
grinding (MG) and crystallization approaches including steam-
assisted crystallization (SAC) and heating treatment (HT) were
also compared to investigate the effect of mixing methods and
crystallization approaches on the properties of Beta zeolites.

As shown in the powder X-ray (PXRD) diffraction (Fig. 1 and
S1t), all samples show the characteristic peaks corresponding
to Beta zeolite and no other diffraction peaks are observed. Beta-
20-BM-SAC prepared via steam-assisted crystallization from
ball-milled solid mixtures exhibits a relatively high crystallinity
of 94% among all the samples. Whereas the relative crystallin-
ities of Beta-20-BM-HT, Beta-20-MG-SAC, and Beta-20-MG-HT
zeolites are 100%, 82%, and 77%, respectively. It can be seen
from the scanning electron microscopy (SEM) images that these
four samples exhibit completely different crystal morphologies
(Fig. 1a-h). Notably, Beta-20-BM-SAC are uniformly dispersed
nanosized crystals with a particle size of ca. 200 nm (Fig. 1a and
b). Beta-20-BM-HT are aggregates (~1 um) assembled from
dipyramids with a particle size of ca. 250 nm (Fig. 1c and d),
which is due to the low migration rate of solid mixture
precursors under heating treatment. In comparison, although
the enhanced migration rate with the assistance of steam is
conducive to producing small-sized particles, Beta-20-MG-SAC
presents serious agglomeration formed by the packing of
nanoparticles (~30 nm) (Fig. 1e and f). Furthermore, Beta-20-
MG-HT appears more serious bulky agglomeration consisting of
particles with size of ca. 300 nm (Fig. 1g and h). By comparing
the four Beta zeolites prepared through different mixing
methods and crystallization approaches, it is found that ball-
milling can facilitates more sufficient and uniform mixing of
solid raw materials than manual grinding while steam-assisted
crystallization could enhance the migration rate of solid
mixture compared to heating treatment under solvent-free
conditions. Therefore, it could be concluded that the
construction of homogeneous nanosized Beta zeolite samples
with high crystallinity and good dispersion can only be achieved
by simultaneously combining the ball-milling and steam-
assisted crystallization.

The morphologies and structures of Beta-x-BM-SAC zeolites
prepared by steam-assisted crystallization from ball-milled
solid mixtures were further characterized by various electron
microscopy techniques. Low-voltage high-resolution scanning
electron microscopy (LV-HR-SEM) images of Beta-20-BM-SAC
(Fig. 2a and b) and scanning transmission electron
microscopy-secondary electron imaging (STEM-SEI) images of
Beta-10-BM-SAC and Beta-40-BM-SAC (Fig. S2a and bt) show
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Fig.1 SEM images and PXRD patterns of Beta zeolites synthesized by different synthesis methods: (a and b) Beta-20-BM-SAC, (c and d) Beta-

20-BM-HT, (e and f) Beta-20-MG-SAC, and (g and h) Beta-20-MG-HT.

that these Beta zeolites present mulberry-like morphologies,
and each mulberry-like crystal is assembled from nanoparticles
in a size of ca. 15 nm. Fig. S3t exhibits the transmission electron
microscopy (TEM) images of these Beta zeolites, in which
abundant intraparticle mesopores are observed. These intra-
particle mesopores are further proved to be interconnected by
scanning transmission electron microscopy-high angle annular
dark field (STEM-HAADF) images (Fig. 2¢, S2¢ and dt). Different
from the sample prepared by traditional steam-assisted
conversion which contains interparticle mesopores," the mes-
opores formed here are intraparticle interconnected mesopores.
Movies corresponding to electron tomography reconstruction
are provided as additional evidence of interconnected meso-
porous structure in the ESI (Videos S1 and S27).

Furthermore, the hysteresis loops at P/P, between 0.6 and 1.0
in the N, adsorption/desorption isotherms confirm the existence
of abundant mesopores in Beta-x-BM-SAC samples (Fig. 2d and
S4at). The pore size distributions indicate their hierarchical
porosities feature with a gradient from 6 nm to 15 nm (Fig. 2d
and S4bt). Notably, these nanosized hierarchical Beta zeolites
possess large surface areas (569-610 m* g~ ') and large mesopore
volumes (0.55-0.67 cm® g~ '), which are comparable to those of
mesoporous Beta zeolites obtained by conventional hydro-
thermal synthesis strategies.” By contrast, Beta-20-BM-HT, Beta-
20-MG-SAC, and Beta-20-MG-HT possess lower surface areas
(447-500 m* g~ ') and mesopore volumes (0.07-0.25 cm® g™ )
than Beta-20-BM-SAC (Table 1), which is consistent with the
weak hysteresis loops observed in Fig. S5.1 The temperature-
programmed desorption of ammonia (NH;-TPD) analysis

8054 | Chem. Sci, 2022, 13, 8052-8059

results show that the total acidities of three nanosized hierar-
chical Beta samples decrease with the increase of Si/Al ratios
(Fig. S61). >°Si MAS NMR results demonstrate that these samples
contain a small amount of Q® corresponds to SiOH sites while
most of the Si species belong to Q* (4Si, 0Al) (Fig. 1e and S77).
27A] MAS NMR spectra show more than 80% aluminum exist in
the form of tetrahedral coordination (Fig. 1f and S77).

To assess the hydrothermal stability of Beta-20-BM-SAC, the
sample was exposed to 10% water steaming at 750 °C for 3 h.
After hydrothermal treatment, Beta-20-BM-SAC shows a nearly
unchanged PXRD pattern, N, adsorption/desorption isotherm,
>’Al MAS NMR spectrum, NH;-TPD profile, and TEM image
(Fig. S8-S121), indicating its superior hydrothermal stability.
Above results clearly indicate that the steam-assisted crystalli-
zation from ball-milled solid mixtures is an effective approach
for the synthesis of highly dispersed nanosized hierarchical
Beta zeolites with large mesopore volume and good hydro-
thermal stability.

To investigate the effects of synthetic parameters on the
formation of nanosized hierarchical zeolites under such steam-
assisted crystallization conditions, the H,0/SiO, ratio, seed
addition, and ball-milling time were adjusted to prepare a series
of Beta-20-BM-SAC samples. The detailed characterizations are
shown in ESI (Fig. S13-S207).

Impact of the H,0/SiO, ratio on morphology and structure

Beta-20-BM-SAC-y samples (y indicates the H,0/SiO, ratio, y =
0, 1.5, 6) were synthesized to investigate the effect of H,0/SiO,
ratio on the crystallization process. It can be seen from the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Morphology and structure characterizations of Beta-20-BM-
SAC zeolite. (a) Low-magnification LV-HR-SEM image, (b) high-
magnification LV-HR-SEM image, (c) high-magnification STEM-
HAADF image, (d) N, adsorption/desorption isotherm and pore size
distribution (inset), (e) 2°Si solid-state MAS NMR spectrum, and (f) 2’Al
solid-state MAS NMR spectrum.

PXRD patterns that all the samples are *BEA-type zeolite
regardless of the amount of water added to the solid mixture
(Fig. S13t). When decreasing the H,O/SiO, ratio to 0, as-
prepared Beta-20-BM-SAC-0 shows a blocky aggregation state
(Fig. S14a and df). In contrast, Beta-20-BM-SAC-1.5 zeolite
presents mulberry-like aggregates assembled from nano-
particles (~15 nm) in a compact packing manner (Fig. S14b and
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et). While for Beta-20-BM-SAC-6, similar aggregates like Beta-
20-BM-SAC-0.5 are assembled in a non-compact manner,
resulting in the construction of intraparticle mesopores
(Fig. S14c and f¥).

Impact of the seed addition on morphology and structure

The H-Beta seed used in this work was commercial Beta zeolite
with a Si/Al ratio of 12.5 (denoted as Beta-Com), which
possesses a relative low crystallinity (Fig. S15at) and presents an
aggregated state assembled from 20 nm nanosized crystallites
(Fig. S16aft). After the ball-milling for 5 h, the Beta-Com pres-
ents an XRD amorphous phase (Fig. S15bt) and irregular
morphology (Fig. S16bt), indicating that its crystal structure has
been destroyed during the mechanical ball-milling process. To
investigate the effect of seed addition on the crystallization
process, Beta-20-BM-SAC-z samples were prepared where z
represents the seed addition (z = 0 wt%, 5 wt%, and 20 wt%,
which are relative to silica source). All the samples are *BEA-
type zeolite as confirmed by PXRD analysis (Fig. S171). When
no Beta seed is added to the solid raw materials, Beta-20-BM-
SAC-0 wt% presents blocky aggregates with a micron crystal size
of 1 pm and possesses a pure microporous structure (Fig. S18a
and df). Increasing the seed addition to 5 wt%, Beta-20-BM-
SAC-5 wt% shows well-dispersed aggregates with a smaller
crystal size of 200 nm (Fig. S18b and et). When the seed addi-
tion is large enough to be 20 wt%, Beta-20-BM-SAC-20 wt% are
nanocrystals with a size of 15 nm (Fig. S18c and f¥).

Impact of the ball-milling time on morphology and structure

Beta-20-BM-SAC-m samples (m indicates the ball-milling time
(h), m = 1/3, 1, 8) were synthesized to investigate the effect of
ball-milling time on the crystallization process. Beta-20-BM-
SAC-1/3, Beta-20-BM-SAC-1, and Beta-20-BM-SAC-8 are all
*BEA-type zeolites as confirmed by PXRD analysis (Fig. S197). In
a short ball-milling time of 1/3 h, the uneven mixing of solid raw
materials leads to the serious aggregation of mixtures, resulting
in a blocky morphology for Beta-20-BM-SAC-1/3 (Fig. S20a and
dt). Increasing the ball-milling time to 1 h, the crystal size of
Beta-20-BM-SAC-1 is greatly reduced but remains uneven
(Fig. S20b and ef). Unlike the well-dispersed nanosized

Table 1 Textural properties of as-prepared Beta zeolites and ZSM-5 zeolites

Sextc (mz gil) Vmicroc (Cm3 gil) Vmesod (Cl’l’l3 gil)

Sample R Sper” (m? g™ h)
Beta-10-BM-SAC — 586
Beta-40-BM-SAC — 569
Beta-20-BM-SAC 94 610
Beta-20-BM-SAC-HT* 91 567
Beta-20-BM-HT 100 500
Beta-20-MG-SAC 82 485
Beta-20-MG-HT 77 447
ZSM-5-20-BM-SAC — 420
ZSM-5-20-Con — 354

248 0.19 0.55
233 0.19 0.61
235 0.18 0.67
222 0.17 0.53
126 0.20 0.25
115 0.16 0.10
84 0.15 0.07
111 0.12 0.18
70 0.11 0.16

“ Relative crystallinity calculated based on the intensity of the peaks at 26 of 7.6° and 22.6°. The Beta-20-BM-HT is considered as a reference. * Sppr:
total surface area, calculated by the BET method. © S.,: external surface area, and Vy;cro: micropore volume, calculated by the ¢-plot method. 4 Y nesor
mesopore volume, Vineso = Viotal — Vinicro- © Beta-20-BM-SAC sample after hydrothermal treatment.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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hierarchical structure of Beta-20-BM-SAC synthesized with ball-
milling time of 5 h, Beta-20-BM-SAC-8 presents aggregates
assembled from nanocrystals (Fig. S20c and f¥), which is due to
the secondary aggregation of solid mixture caused by excessive
mechanical mixing under 8 h ball-milling. Based on these
results, it can be concluded that the H,O/SiO, ratios of 3, seed
addition of 10 wt%, and a ball-milling time of 5 h are conducive
to the construction of a highly dispersed nanosized hierarchical
structure of Beta zeolites.

To investigate the evolution process of Beta-20-BM-SAC,
Beta-20-BM-SAC-n intermediates were synthesized at different
crystallization periods from 0 h to 72 h, where 7 represents the
crystallization time. Beta-20-BM-SAC-0h, the initial mixture of
solid raw materials, shows an XRD amorphous phase (Fig. S217)
and spherical morphology with a particle size of ca. 20 nm
(Fig. 3a and S22aft). After 12 h of crystallization, Beta-20-BM-
SAC-12h still appears XRD amorphous phase (Fig. S217). It was
worth noting that Beta-20-BM-SAC-Oh aggregated in a non-
compact manner to form Beta-20-BM-SAC-12h aggregates that
maintain a certain particle size of ca. 200 nm, which was limited
by the hydrated layer surrounding the solid mixture (Fig. 3b and
S22ct). Meanwhile, the concentration fluctuation combined
with the assistance of seed induced the formation of numerous
nucleation centers. At this stage, stacking voids were produced
in Beta-20-BM-SAC-12h because of the non-compact accumu-
lation, affording a mesopore volume of 0.27 cm® g~ " (Fig. S23
and Table S27). With prolonging the crystallization time to 15 h,
the crystalline *BEA feature is observed in Beta-20-BM-SAC-15h
(Fig. S21t), indicating the onset of crystallization. As shown in
Fig. 3c and S22d, Beta-20-BM-SAC-12h aggregates were trans-
formed into integrated Beta-20-BM-SAC-15h dense intermedi-
ates through contraction and densification, during which parts
of the solid precursor are converted into nanocrystals in a short

View Article Online
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SAC treatment, generating abundant interstitial voids. Further
increasing the crystallization time to 18 h, the crystallinity of the
product increased greatly, indicating that residual nucleation
sites were also gradually crystallized into nanocrystals with
*BEA feature under continuous SAC reaction. The formed
small-sized nanocrystals in Beta-20-BM-SAC-18h migrated and
rearranged into an aggregated network with the assistance of
a hydrated layer, resulting in the transformation of interstitial
voids into isolated mesopores (Fig. 3d and S22et) and the
mesopore volume of Beta-20-BM-SAC-18h increased to 0.48 cm?
g ' (Fig. 523 and Table S21). As the crystallization time further
increasing to 72 h, the crystallization was completed and the
crystallinity of Beta-20-BM-SAC-72h reached the highest
(Fig. S211). Under such steam-assisted conditions, the nano-
crystals formed in the early stages coalesced into larger uniform
nanoparticles through intraparticle ripening, avoiding the
excessive growth induced by Ostwald ripening. The resulting
Beta-20-BM-SAC-72h show mulberry-like morphologies and is
assembled from uniform nanoparticles with a particle size of ca.
15 nm, simultaneously abundant intraparticle interconnected
mesopores are constructed through the evolution of primarily
isolated mesopores (Fig. 2d, 3e and S22ff and Table 1).
According to the above results, the crystallization process of
Beta-20-BM-SAC and interconnected intraparticle mesopore
formation mechanism are proposed in Fig. 3f. At the initial
stage of crystallization, the solid mixture aggregated in a non-
compact manner and then contracted, affording abundant
interstitial voids within integrated intermediates. Subsequently,
the rearrangement of nanocrystals induced the formation of
isolated mesopores, which further evolved into interconnected
intraparticle mesopores through the sustaining coalescence of
nanocrystals.
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Fig. 3 The steam-assisted crystallization process of Beta-20-BM-SAC.

[V Q ! 1 1

- = : (J : ————— ->: \ :

| Transformation :gééé‘ i Evolution :() !
L

Intermediates Il Nanosized Hierarchical Zeolite

(a—e) STEM-HAADF images of Beta-20-BM-SAC crystalline evolved
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To demonstrate the generality of the steam-assisted crystal-
lization strategy based on ball-milled solid raw materials,
nanosized hierarchical ZSM-5 zeolite was also synthesized
through this method. Typically, a mixture of tetrapropyl
ammonium bromide (TPABr), solid silica gel, sodium alumi-
nate, sodium hydroxide, and distilled water with a molar
composition of
1.0Si0, : 0.025A1,0; : 0.083Na,O : 0.28TPABr : 3H,0 was firstly
mixed with 10 wt% seed (relative to silica source) by ball-milling
for 5 h, then crystallized at 160 °C for 72 h. The H-ZSM-5 seed
was commercial ZSM-5 zeolite with a Si/Al ratio of 20. It
possesses a good crystallinity (Fig. S241) and displays micron-
sized crystals (ca. 2 pm) with rough surface (Fig. S257). As-
prepared ZSM-5 zeolite is denoted as ZSM-5-20-BM-SAC. The
detailed synthetic conditions are listed in Table S1.f As
confirmed by PXRD analysis, the sample is MFI-type zeolite
(Fig. 4g). As shown in Fig. 4a, ZSM-5-20-BM-SAC displays
uniformly dispersed crystals in a particle size of ca. 700 nm.
High-magnification LV-HR-SEM image of ZSM-5-20-BM-SAC
further shows that the sample presents virus-like aggregates
assembled from uniform nanoparticles (~30 nm) (Fig. 4d). As
seen in the TEM images (Fig. 4b and e), ZSM-5-20-BM-SAC is
rich in intraparticle mesopores, which are further confirmed to
be interconnected mesopores by STEM-HAADF images (Fig. 4c
and f). The ED pattern corresponding to the entire particle
reveals the polycrystalline feature of ZSM-5-20-BM-SAC. For
comparison, conventional ZSM-5 zeolite (ZSM-5-20-Con) was
synthesized in a starting gel of tetrapropylammonium

(g) (h) Q* (4Si, 0AI), 112 ppm (l) Tetrahedral Al, 56 ppm

S Ec‘(Asi,OAu)
0'1(:?';;:‘»; 116 ppm

Intensity (a.u.)

-80 100 -120 -140 -160 100 80 60 40 20 0 -20 -40
Chemical shift (ppm) Chemical shift (ppm)

5 10 15 20 25 30 35 A4 -60
20 (degree, Cu-Ka)

Fig.4 Morphology and structure characterizations of ZSM-5-20-BM-
SAC. (a) Low-magnification LV-HR-SEM image, (b) low-magnification
TEM image, (c) low-magnification STEM-HAADF image, (d) high-
magnification LV-HR-SEM image, (e) high-magnification TEM image,
(f) high-magnification STEM-HAADF image, (g) PXRD pattern, (h) 2°Si
solid-state MAS NMR spectrum, and () #’Al solid-state MAS NMR
spectrum. Inset: corresponding ED patterns obtained from the entire
particles.
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hydroxide, tetraethylorthosilicate, sodium aluminate, and
sodium hydroxide with the molar composition of
1.0Si0, : 0.30TPAOH : 0.025AL,0; : 0.015Na,0 : 50H,0 under
hydrothermal conditions at 170 °C for 72 h. SEM images of
ZSM-5-20-Con show that it presents spherical crystals that are
formed by the compact accumulation of small particles
(Fig. S267). The N, adsorption/desorption isotherms (Fig. S277)
also confirm the formation of mesopores and the nanosized
hierarchical ZSM-5-20-BM-SAC zeolite shows a larger external
surface area of 111 m” g~ than that of ZSM-5-20-Con zeolite (70
m? g ') (Table 1). The *°Si MAS NMR spectrum shows that ZSM-
20-BM-SAC consists a small amount of a Q* (3Si, 1Al) and
a majority of Q* (4Si, 0Al) (Fig. 4h). >’Al MAS NMR spectrum
shows that ZSM-20-BM-SAC only possesses tetrahedral frame-
work Al species (Fig. 4i). This steam-assisted crystallization
strategy based on ball-milled solid raw materials is universal to
prepare nanosized hierarchical Beta and ZSM-5 zeolites and is
expected to be expanded to other framework types of zeolites.
As-prepared nanosized hierarchical Beta zeolites were
applied in the catalytic conversion of high-concentrated lactic
acid (LA, 105 wt%) to lactide (LT) (Fig. 5a). Due to the good
shape-selective property of Beta zeolite, the Beta zeolite-based
catalytic route has been developed for the efficient production
of lactide from lactic acid, which is highly desired for further
production of biodegradable and renewable polylactic acid
(PLA).** Nanosized hierarchical Beta-x-BM-SAC zeolites were
compared with Beta-20-BM-HT, Beta-20-MG-SAC, Beta-20-MG-
HT, and Beta-Com (Si/Al = 12.5, Alfa Aesar Company) zeolites
in this biomass conversion reaction. Among the four Beta
zeolites (Beta-20-BM-SAC, Beta-20-BM-HT, Beta-20-MG-SAC,
and Beta-20-MG-HT) with a comparable Si/Al ratio of 17.3-
18.1 (Table S1t), nanosized hierarchical Beta-20-BM-SAC gave
the highest LT yield of 75.7% while the other three Beta zeolites
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Fig. 5 Catalytic performance of various Beta zeolite catalysts in the
catalytic conversion of lactic acid to lactide. (a) Scheme of reaction
pathways of lactic acid to lactide, (b) lactide yield after reaction of 5 h
based on 'H-NMR analysis over different Beta zeolite catalysts, and (c)
recycle tests for production of lactide over catalyst Beta-20-BM-SAC.
Reaction conditions: 1.0 g catalyst, 1.0 g 105 wt% LA, 20 mL toluene,
140 °C, 5 h.
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showed a low LT yield of 52.1-60.2% (Fig. 5b and S28%). For
three nanosized hierarchical Beta zeolites prepared by steam-
assisted crystallization from ball-milled solid mixture, Beta-10-
BM-SAC with the maximum acidities gave the highest LT yield
of 77.5%, which was also superior to that of Beta-Com (69.2%)
with a similar Si/Al ratio and crystal size. Above results evidently
reveal the advantages of intraparticle interconnected meso-
pores for Beta-x-BM-SAC zeolites in the catalytic conversion of
lactic acid to lactide, which enhances the diffusion properties of
macromolecular products. Besides, the "H-NMR time profiles of
LA conversion over Beta-20-BM-SAC zeolite confirmed that both
L,A and L;A acted as reaction intermediates (Fig. S297), which is
in line with our previous work.” Notably, after five recycles of
conversion of lactic acid, nanosized hierarchical Beta-20-BM-
SAC zeolite still maintained a high LT yield without an
obvious loss in the activity (Fig. 5¢), revealing the excellent cyclic
stability of nanosized hierarchical Beta zeolites. It is worth
noting that the catalyst remains a good crystallinity (Fig. S307t)
and presents the same aggregated morphology as the pristine
catalyst (Fig. S31f1), indicating its outstanding mechanical
stability under the reaction conditions.

Conclusions

In summary, we have developed a facile steam-assisted crys-
tallization strategy based on ball-milled solid raw materials for
synthesizing highly dispersed nanosized hierarchical Beta
zeolites. Such an approach exhibits significant advantages: (1)
lower synthesis cost than hydrothermal synthesis, due to using
TEABr and TPABr as templates and using solid silica gel as silica
source. (2) Simpler synthesis procedure than traditional SAC
method, by directly using mechanical mixing solid raw mate-
rials instead of preparing drying gel precursor. (3) Higher
dispersion and uniformity of crystals than those obtained in the
solvent-free route, due to the sufficient and even mixing under
ball-milling rather than manual grinding. (4) Generation of
nanoparticles in a size of ca. 15 nm, due to the steam-saturated
condition. (5) Formation of interconnected intraparticle meso-
pores, achieved by the initial aggregation of solid mixture in
a non-compact manner and subsequently intraparticle ripening
of nanocrystals. Very importantly, the as-prepared Beta zeolites
show excellent catalytic activity and stability in the conversion
of LA to LT reaction. This strategy opens up a new avenue for the
cost-effective synthesis of highly dispersed nanosized hierar-
chical zeolites with large mesopore volume and good hydro-
thermal stability that can be used in various important catalytic
reactions. Such a synthetic strategy can be also extended to the
synthesis of nanosized hierarchical zeolites with other structure
types (e.g., MFI-type) and with metal active sites (e.g., Ti, Fe).
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