
Construction of a One-Dimensional Al-Rich ZSM-48 Zeolite with a
Hollow Structure
Wen Liu, Junjie Li, Qiang Yu, Huihui Chen, Wenjuan Liu, Zhiqiang Yang, Xuebin Liu, Zhaochao Xu,
Shutao Xu, Xiangxue Zhu,* and Xiujie Li*

Cite This: ACS Appl. Mater. Interfaces 2022, 14, 52025−52034 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Diffusion limitation and acid deficiency are two main challenges that the
ZSM-48 zeolite faces in practical application. To date, there have been few effective
strategies to solve both problems, simultaneously. Also, it is also a challenge to construct a
hollow structure in a one-dimensional (1D) zeolite. Herein, an Al-rich ZSM-48 zeolite with
a hollow structure is constructed through an alumination−recrystallization strategy, thereby
solving the problems related to diffusion and acidity simultaneously. The hollowness and
enrichment of aluminum can be controlled by judiciously matching the desilication and
recrystallization. The silica to alumina ratio (SAR) of the ZSM-48 zeolite can be tuned from
130 to 45, which breaks the SAR limitation of conventional synthesis. On the basis of the
different characterization results, the whole crystallization can be divided into two stages:
rapid desilication−alumination and time-consuming recrystallization. In the selective
desilication−recrystallization process, the preferential special distribution of the organic
template leads to the formation of a hollow structure and the healing of mesopores at the
outer shell, as evidenced by structured illumination microscopy images. Due to the enhancement in diffusion ability and acid density,
the obtained hollow Al-rich ZSM-48 zeolite exhibits excellent catalytic stability and high p-xylene yield (∼26%) in the m-xylene
isomerization reaction (WHSV = 18 h−1), indicating its strong industrial application potential.
KEYWORDS: ZSM-48 zeolite, diffusion limitation, acidity, hollow structure, m-xylene isomerization

■ INTRODUCTION
Zeolites are crystalline materials with well-defined micropores
and tailorable acidity, and they have been applied in a wide
range of catalytic processes and other industrial processes.1−3

As an important branch of zeolite materials, one-dimensional
(1D) zeolites exhibit specific applications in the fields of
isomerization.4−7 Generally, 1D zeolites are easy to grow into
rods or needles along the main channel direction, leading to
severe diffusion limitation.8−11 Moreover, such morphologies
are harmful to human health as they easily penetrate into the
respiratory system.12 Hence, changing the growth trend of 1D
zeolites and overcoming the problem of limited diffusion on
the premise of good shape selectivity are of great importance.

The ZSM-48 zeolite (*MRE typology) is a type of high-
silica zeolite with a 1D 10-membered ring (10-MR) channel
(0.56 × 0.56 nm) along the [100] direction.13 It exhibits
excellent performance in alkane isomerization14−16 and xylene
isomerization.9 Similar to that of other 1D zeolites, the typical
morphology of the ZSM-48 zeolite is rods or needles, and its
silica to alumina ratio (SAR) is generally higher than 200.17,18

Thus, constrained diffusion along the main channel and low
acid density restrict its application in specific reactions. Much
efforts, including post-treatment and in situ synthesis methods,
have been devoted to either improving diffusion or regulating
acidity.17−24 Liang and co-workers investigated the influence of

alkaline treatment on the diffusion property of the ZSM-48
zeolite. After treatment, the ZSM-48 catalyst shows better
performance in the hexadecane hydroisomerization reaction
due to the introduction of new mesopore-accelerated molecule
diffusion.22,25 To enhance the diffusion property of the ZSM-
48 zeolite, Che et al. applied a special surfactant with a
polyphenyl structure to direct the synthesis of lamellar
mesostructured ZSM-48 nanosheets.21 We found that
allyltrimethylammonium chloride is an effective organic
structure directing agent (OSDA) to prepare the ZSM-48
zeolite with a low SAR.17 However, there is still no effective
strategy to solve both challenges related to diffusion limitation
and low acid density, simultaneously.
m-Xylene isomerization aiming to transform low-valued m-

xylene into a xylene mixture rich in p-xylene provides an
important route for the industrial production of p-xylene. Up
to now, ZSM-5, MOR, and EU-1 have been proved to be good
isomerization catalyst candidates.5,26 Unidimensional zeolites
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with 10-MR channels show high para-selectivity, but they
easily are deactivated due to the diffusion restrictions.5

Hollow zeolites, whether hollow single crystal zeolites or
agglomerated hollow zeolites, provide a suitable choice to
alleviate the diffusion difficulty in a zeolite on the premise of
maintaining zeolite crystallinity.1,26 Several synthesis strategies,
mainly including post-processing (selective desilication and
desilication−recrystallization) and in situ synthesis strategies
(soft template method and hard template method),2,27 were
developed to synthesize hollow zeolites with multidimensional
pore structures, such as MFI,28−31 Beta,32,33 FAU,34 and
MWW.35,36 However, few related reports about the prepara-
tion of hollow 1D zeolites were found. Herein, we developed
an innovative alumination−recrystallization strategy to con-
struct hollow Al-rich ZSM-48 zeolites, thereby solving the
problems related to acidity and diffusion simultaneously. Key
factors determining hollow structure construction and Al
insertion were investigated and elucidated. After tracking the
whole crystallization process, a reasonable recrystallization
mechanism was proposed. The diffusion coefficient of hollow
ZSM-48 is 7 times that of the parent sample when using p-
xylene as the probe molecule. Moreover, the hollow Al-rich
ZSM-48 zeolite exhibits remarkably enhanced stability and
activity in the m-xylene isomerization reaction on the premise
of its good p-xylene selectivity. m-Xylene conversion remains at
38.5% after 50 h on stream.

■ EXPERIMENTAL SECTION
Zeolite Synthesis. A hollow Al-rich ZSM-48 zeolite was

synthesized by the alumination−recrystallization strategy as shown
in Scheme S1. The obtained samples were named MRE-x-y, where x
and y represent the NaOH concentration (x × 10−2 mol/L) and
Al2(SO4)3 (y × 10−2 mol/L) of initial solution, respectively; the
specific synthesis parameters are shown in Table S1. Preferably, MRE-
40-0.6 was also labeled MRE-H. To investigate the role of the OSDA,
an etching experiment was performed, and the product was named
MRE-D. In order to reveal the crystallization mechanism of the
hollow Al-rich ZSM-48 zeolite, intermediates (including solids and
filtrates) with different crystallization times were collected. The solid
intermediates were named MRE-H-th, where t represents the
crystallization time (h). For comparison, the conventional ZSM-48
zeolite and ZSM-5 zeolite were synthesized by traditional hydro-
thermal methods, named MRE-C and ZC-5, respectively. The

detailed experimental steps including the preparation of the parent
zeolite were described in the Supporting Information.

Characterizations. Various characterization techniques including
X-ray diffraction (XRD), N2 adsorption−desorption analysis, X-ray
fluorescence (XRF) analysis, X-ray photoelectron spectroscopy (XPS)
analysis, inductively coupled plasma optical emission spectrometry
analysis, scanning electron microscopy (SEM), transmission electron
microscopy (TEM), high angle annular dark field scanning TEM
(HAADF-STEM), Fourier-transform infrared (FT-IR), 27Al signal
pulse magic angle spinning nuclear magnetic resonance (MAS NMR),
27Al multiple quantum (MQ)MAS NMR, 1H MAS NMR, ammonia
temperature programed desorption (NH3-TPD), structure illumina-
tion microscopy (SIM), alkalinity analysis of solution, and the p-
xylene adsorption test were adopted to measure the physical and
chemical properties of zeolite samples. The detailed measurement
information was described in the Supporting Information.

Catalytic Evaluation. m-Xylene isomerization was chosen as the
probe reaction to evaluate the catalytic performance of catalysts. The
detailed measuring processes are described in the Supporting
Information.

■ RESULTS AND DISCUSSION
Physicochemical Properties of the Hollow Al-Rich

ZSM-48 Zeolite. Figure 1 lists the general information of the
parent ZSM-48 (MRE-P) and hollow Al-rich ZSM-48 zeolite
(MRE-H). MRE-P and MRE-H show typical diffraction peaks
assigned to the *MRE phase according to the XRD patterns
(Figure 1a).13 MRE-P is a monodispersed ellipsoidal dense
crystal with a particle size of 1.5 μm × 2 μm (Figure 1b,c).
After the alumination−recrystallization process, an obvious
hollow structure is formed as shown in Figure 1d,e. Clear
lattice fringes and the large micropore volume (Vmicro, 0.072
cm3/g) guarantee its high crystallinity. The N2 uptake isotherm
rises rapidly at high relative pressure (Figure 1f), and a typical
H4 hysteresis loop is observed for MRE-H implying its
hierarchical property (Table S2). Moreover, a mesopore
distribution at 3−30 nm is observed in the pore-size
distribution curves derived by Hg intrusion, which proves
the pore connectivity of the hollow structure (Figure S1).37

Also, the distribution of macropores at about 750 nm echoes
the hollow size observed from the TEM image. At the same
time, its SAR decreases from 227 to 51 (Table S1).

Parametric Study on the Hollow Al-Rich ZSM-48
Zeolite. A parametric study reveals that desilication and
recrystallization are the key factors determining the synthesis

Figure 1. General information of MRE-P and MRE-H. (a) XRD patterns. SEM images [(b) MRE-P, (d) MRE-H] and low-magnification TEM
images with a high-resolution TEM image in the inset [(c) MRE-P, (e) MRE-H]. (f) N2 adsorption−desorption isotherm with the pore size
distribution shown in the inset.
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of the hollow Al-rich ZSM-48 zeolite. Desilication is closely
related to the alkalinity of the system (NaOH concentration).
As shown in the XRD patterns (Figure S2) and TEM images
(Figure S3), a suitable alkalinity (20−40 × 10−2 mol/L) is
required for preparing hollow Al-rich ZSM-48 zeolites. The

XRD line intensities of recrystallized products are obviously
weaker than those of MRE-P, which may be attributed to the
changes of the SAR and introduction of mesopores.38 The
hollowness and the N2 adsorption volume at high P/P0 (Figure
S4) increase with the alkalinity from 0.2 to 0.4 mol/L, which

Figure 2. (a) Diagram of micropore and mesoporous volume of the solid product as a function of initial solution alkalinity; (b) 27Al MAS NMR
spectra of MRE-x-0.6 samples; and (c) bulk and surface SAR of MRE-x-0.6 samples (bulk SAR determined by XRF and surface SAR determined by
XPS).

Figure 3. (a) 27Al MAS NMR spectra, (b) NH3-TPD profiles, and (c) SAR determined by XRF of MRE-P and MRE-40-y samples.
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suggests that a higher alkalinity results into a much larger
mesopore volume (Vmeso) combined with detailed textural data
in Table S2. This indicates that the formation of a hollow
structure is due to from alkali etching. Generally, the
introduction of mesopores into zeolites through desilication
will weaken the integrity of the microporous structure,
resulting in an obvious decrease in Vmicro.22,25 However, the
Vmicro and Vmeso increase simultaneously upon alkalinity
(Figure 2a), indicating that the post-treatment process includes
not only desilication etching but also recrystallization. The
symmetric tetra-coordinated Al signal and the negligible hexa-
coordinated Al signal attributed to extra-framework Al shown
in the 27Al MAS NMR spectrum (Figure 2b) also support the
recrystallization in this process. Moreover, the alkalinity of the
system influences the bulk SAR of the samples. As shown in
Figure 2C, high alkalinity of the initial solution leads to a low
bulk SAR due to the severe desilication. Under high alkalinity
(>0.45 mol/L), the EUO hetero-phase appears in the XRD
patterns (Figure S2), and rectangular-like EUO crystals can be
observed in SEM images (Figure S5). This suggests that a high
alkalinity is prone to induce EUO impurity in an Al-rich
environment, which is in accordance with the findings of
Giordano et al.39 Under low alkalinity (<0.1 mol/L),
recrystallization is suppressed. Obvious increase in extra-
framework Al (Figure 2b) and a low Vmicro (0.044 cm3/g) for
MRE-10-0.6 can be observed (Table S2). Moreover, its surface
SAR is lower than that of the bulk (Figure 2c) indicating that
the surface enrichment of Al species is due to the lack of
mesoporous channels for diffusion, further leading to the
partial blockage of micropores. In summary, suitable alkalinity
plays important roles during the recrystallization process. One
is creating the mesopores and hollow structure through
desilication; the other is to promote Al species into the
internal crystal through the mesopore and coordinate them
into the framework with the assistance of the OSDA (HM2+

ions). The combination of desilication and Al insertion
promotes the formation of aluminum enrichment of the
ZSM-48 zeolite framework.

A suitable Al species concentration is also required for the
formation of the hollow structure and Al-rich framework. XRD
patterns in Figure S6 show that all samples exhibit typical

*MRE diffraction peaks, and no impurity is formed with the
variation of the Al concentration. SEM and TEM images
(Figure S7) show that large numbers of fragments are formed
when the Al species are absent, while the fragments disappear,
and the hollow ZSM-48 zeolite with the regular shell structure
is formed accompanied by the introduction of Al species.
Moreover, the size of the hollow structure gradually shrinks
upon Al species concentration. This is also supported by the
gradual shrinkage of Vmeso (Table S2) with the increase in the
Al species concentration. 27Al MAS NMR spectra exhibit that
all the recrystallized samples show a main tetra-coordinated Al
signal and a negligible hexa-coordinated Al signal, and the
intensities of tetra-coordinated Al are significantly enhanced
than those of MRE-P (Figure 3a), which indicates that
supplementary Al species are incorporated into the framework.
The increase in acid density (Figure 3b, Table S3) verifies the
coordination of Al species into the framework. It should be
noted here that the introduction of Al species shows little effect
on the pH value of the system (Figure S8). Therefore, it can be
concluded that Al species not only play a role in protecting the
zeolite framework from serious damage but also enrich the
framework Al density of the ZSM-48 zeolite through
recrystallization coordination into the framework. In addition,
the SAR of the product decreases gradually as shown in Figure
3c with the increasing concentration of Al species. That is, the
SAR of the ZSM-48 zeolite can be regulated in a large range
(135−45) by simply changing the concentration of Al species
in the initial solution.

Crystallization Mechanism of the Hollow Al-Rich
ZSM-48 Zeolite. The formation mechanism of the hollow
Al-rich ZSM-48 zeolite was investigated using MRE-H (MRE-
40-0.6) as a candidate. In the time-resolved XRD patterns
(Figure S9), diffraction peaks assigned to the *MRE phase can
be observed throughout the whole process, indicating that the
main framework is always preserved. TEM images provide
direct evidence for the evolution of the zeolite structure. After
crystallization for 2 h, some randomly distributed intracrystal-
line mesopores are formed (Figure 4a), which is well
supported by an increase in Vmeso from 0.04 to 0.43 cm3/g
(Table S4). The etching of the inner part of the zeolite crystal
becomes increasingly visible with prolonged heating, and a

Figure 4. (a) TEM images and (b) HAADF-STEM images of MRE-H with different crystallization times. (c) Schematic of the structural evolution
of MRE-H.
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hollow structure is formed gradually. Meanwhile, the edge of
the crystal becomes clearer and smoother after 96 h of heating,
indicating that the outer shell of the zeolite crystal is gradually
repaired (Figure 4b). An increase in Vmicro and a decrease in
Vmeso also support the recrystallization at the outer shell
(Figure S10 and Table S4). Upon further extending the
crystallization time to 120 h, the texture properties of the
products change little, indicating the end of recrystallization at
96 h. The SEM images (Figure S11) show that the particle size
changes slightly during the whole process. Also, no new layers
are found in TEM images. Thus, it can be tentatively
concluded that the recrystallization of the ZSM-48 zeolite is
not the formation of new crystalline layers as previously
reported for the MFI zeolite30,31 but the repairing of the
defects on the crystal shell. The increase in the average pore
diameter and the large reduction of small-size mesopores
(Table S4, Figure S10) also indicate that the healing of
mesopores evolves with crystallization. On the basis of the
above-mentioned discussion, an idealized schematic for the
structural evolution of MRE-H is proposed and listed in Figure
4c.

To verify the coordination state of Al species, 27Al
(MQ)MAS NMR, 1H MAS NMR, and FT-IR spectra were
recorded. After heating for 2 h, an enhancement of the signal at
53 ppm (assigned to tetra-coordinated Al) compared with that
of MRE-P can be clearly observed in the time-resolved 27Al
MAS NMR spectra (Figure 5a), which suggests that the
supplementary Al species combined with the active Si species
(Si−OH) to form the Si−O−Al structure. The gradual
narrowing of the full width at half-maximum (FWHM) of
the tetra-coordinated Al signal with time indicates that the Al
species are inserted into the framework to form a more ordered
Si−O−Al structure. In the 27Al MQMAS NMR spectra, the

quaternary coupling factor (CQcc) of tetrahedral Al at 96 h is
smaller than that at 2 h, which also confirms the good
coordination symmetry of the framework Al species (Figure
5b,c). To further verify the coordination of Al species into the
framework, the evolution of product acidity was investigated.
As shown in 1H MAS NMR spectra, the resonance signal at 3.9
ppm, which is associated with the Brönsted acid sites, increases
clearly with time (Figure 5d, Table S3). The desorption peak
assigned to the strong acid site in NH3-TPD profiles also
shows the similar changing trend (Figure S12, Table S3). All
these characterization results provide direct evidence for the
incorporation of Al species into the framework.

The information of silanol groups with different crystal-
lization times is traced using FT-IR as shown in Figure 5e.
After crystallization for 2 h, the infrared signal at 3740 cm−1

ascribed to the free silanol group increases significantly,
indicating that extensive defect sites are formed due to
desilication at the initial stage. This could further be verified in
the 1H MAS NMR spectra. As shown in Figure 5d, the peak
intensity assigned to Si−OH for MRE-H-2h is also highly
enhanced. After 2 h, the number of the silanol groups gradually
decreases upon the crystallization time, indicating that the
healing of defect sites happens. Combined with 27Al MAS
NMR results, it could be deduced that the supplemented Al
species incorporated into the framework through the
condensation between hydroxyls. After 96 h, the number of
hydroxyl groups is still larger than that of the parent sample
due to the formation of the hollow structure.

Based on the above-mentioned discussion, it can be
concluded that the hollow structure is derived from the
etching of the inner crystal and the recrystallization of the
outer shell by healing defects/mesopores. However, the
working mechanism remains elusive. In order to figure it out,

Figure 5. (a) 27Al MAS NMR spectra of MRE-P and MRE-H with different crystallization times; 27Al MQMAS NMR spectra of (b) MRE-P and
(c) MRE-H; (d) 1H MAS NMR spectra; and (e) FT-IR spectra for MRE-P and MRE-H with different crystallization times.
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SIM was applied to track the evolution of the spatial
distribution of OSDA molecules at the single zeolite crystal
level during crystallization. Weckhuysen et al. found that the
decomposition of the template molecules in zeolite crystals
affords the formation of fluorescent intermediates which can be
monitored by fluorescence microscopy.40 As shown in Figure
6a,b, a clear fluorescence signal is observed around the outer
shell of the ellipsoidal crystal at the initial stage of
crystallization. With the extension of crystallization time, the
fluorescence signal inside the crystal gradually intensifies, but
obvious signal attenuation can still be observed from the outer
shell to the inside of the crystal. This indicates that the OSDA
(HM2+ ions) preferentially adsorbs on the external surface and
slowly migrates into the interior part due to diffusion
limitation. Because of the shell protection from the OSDAs,
etching is dominant in the internal crystals, directly leading to
the formation of a hollow structure. Moreover, with the
assistance of OSDAs, recrystallization and defect healing
happen preferentially in the external crystal, resulting in the
formation of Al-rich shell crystals with high crystallinity. In
order to better understand the important role of the OSDA, an
etching experiment was performed by dispersing the parent
zeolite into an initial solution in the absence of the OSDA
followed by dynamic treatment for 96 h at 160 °C. As shown

in Figure S13, the framework of the ZSM-48 zeolite is
completely dismembered and transformed into lamellar
magadiite. This well supports the important role of the
OSDA in protecting the zeolite framework and promoting
recrystallization. To the best of our knowledge, this is the first
time that experimental data are provided to support the
formation mechanism of hollow zeolites through a post-
treatment strategy.

The elemental analysis of the solids and filtrates was
investigated to better understand the recrystallization process
in terms of solid−liquid mass transfer. During the initial 2 h,
the bulk and surface SAR decreases significantly; at the same
time, a large amount of Si species is extracted from the
framework, and most of the Al species are transferred into the
solids (Figure 7a,b). It should be noted here that no surface
enrichment of Al species is observed. These results suggest that
desilication mainly occurs during the initial 2 h, yielding
abundant mesopores beneficial for the migration anchorage of
Al species,41 which is also the essential driving force of
extensive defects in the initial stage. This conclusion is also
supported by a drastic decrease in the filtrate pH value due to
alkali consumption in desilication (Figure S14). Subsequently,
a dynamic balance between the internal etching and external
recrystallization is established on the basis of the little change

Figure 6. (a) SIM images and (b) corresponding fluorescence intensity distribution curves of MRE-H with different crystallization times.

Figure 7. (a) Solid bulk and surface SAR of MRE-P and MRE-H with different crystallization times. (b) Si and Al content of the filtrate with
different crystallization times.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c16346
ACS Appl. Mater. Interfaces 2022, 14, 52025−52034

52030

https://pubs.acs.org/doi/suppl/10.1021/acsami.2c16346/suppl_file/am2c16346_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c16346/suppl_file/am2c16346_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c16346?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c16346?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c16346?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c16346?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c16346?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c16346?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c16346?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c16346?fig=fig7&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c16346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of the solid SAR and the Si (or Al) content in the filtrate. It can
be concluded that the recrystallization process includes not

Scheme 1. Proposed Evolution Mechanism for the Recrystallization Process

Figure 8. (a) p-Xylene yield of various catalysts in m-xylene isomerization as a function of time on the stream; (b) p-xylene uptake kinetics curves;
and (c) recyclability of the MRE-H catalyst.
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only the insertion of supplemented Al species but also the
coordination of dissolved silicon species into the zeolite
framework with the assistance of the OSDA.

From the above-mentioned experimental results, an
ingenious recrystallization mechanism is proposed (Scheme
1). Briefly, the alumination−recrystallization process includes
two stages: rapid desilication accompanied by Al immigration
and time-consuming recrystallization accompanied by Al
incorporation into the framework. In stage I, desilication of
the parent zeolite dominates, and abundant mesopores are
formed. Meanwhile, the deposited Al species diffuse into the
inner part of crystals through mesopores. In stage II, the Al
species are gradually incorporated into the framework by the
healing of the mesopores or defects in the outer shell with the
assistance of the OSDA. The formation of the hollow structure
is mainly attributed to the spatial mismatch of dissolution and
recrystallization between the internal crystal and outer shell,
which is essentially driven by the uneven spatial distribution of
OSDA molecules.

Evaluation of Catalytic Performance. m-Xylene isomer-
ization was chosen as a probe reaction to evaluate the catalytic
performance of ZSM-48 samples. In order to highlight the
catalytic advantages of the obtained hollow Al-rich ZSM-48
zeolite, the conventional ZSM-48 zeolite (labeled MRE-C) and
typical isomerization catalyst ZSM-5 zeolite (labeled ZC-5)
were used as references. Their detailed properties are listed in
Figures S15 and S16 and Table S5.

As shown in Figure S17a, the m-xylene conversion on ZC-5
remains at 50% after 50 h on stream, and the p-xylene
selectivity is around 45% (Figure S17b), which is consistent
with previous reports.5 Three ZSM-48 catalysts show higher p-
xylene selectivity compared with the ZC-5 catalyst (Figure
S17c). In particular, MRE-H shows the highest p-xylene yield
(>26%) among four catalysts (Figure 8a), and the ratio of p-
xylene to o-xylene is almost twice that of the ZC-5 catalyst
(Figure S17c). The initial ratio of isomerization to
disproportionation reaction (i/d) is similar for MRE-H and
ZC-5. After 24 h, the i/d ratio of MRE-H is much higher than
that of ZC-5 (73.0 vs 8) (Figure S17d). This suggests that the
ZSM-48 zeolite could inhibit the disproportionation side
reactions and show better shape selectivity than the ZSM-5
zeolite due to its unique 1D pore system.

For three ZSM-48 samples, MRE-P shows the lowest p-
xylene yield due to its low acid density and large crystal size.
High initial p-xylene yield is observed on MRE-C. However, it
deactivates quickly, and the p-xylene yield is lowered to 8%
after 30 h on stream. In the case of MRE-H, m-xylene
conversion remains at 38.5% after 50 h on stream, showing its
excellent catalytic stability. The different stability of the three
ZSM-48 catalysts is rooted in the difference of their diffusion
properties. To confirm this conclusion, the adsorption
experiment was carried out using p-xylene as the probe
molecule. As shown in Figure S18, MRE-H shows the
maximum static uptake amount of p-xylene due to its hierarchy
of the pore structure and the introduction of the hollow
structure. In the case of the adsorption rate (Figure 8b), the
diffusion time constant (Deff/L2) of MRE-H is over 7 times
that of MRE-P (3.07 × 10−2 s−1 vs 4.24 × 10−3 s−1) and over 3
times that of MRE-C (3.07 × 10−2 s−1 vs 9.50 × 10−3 s−1). The
TG results of the spent catalysts (Figure S19) also support this
conclusion. The coke content (200−820 °C) of MRE-C is
over 2.6 times that of MRE-H (8.52% vs 3.19%), indicating
that the hollow ZSM-48 zeolite has better carbon deposition

resistance. In order to test the regeneration performance of
MRE-H, the cyclic catalysis experiment was performed. As
shown in Figure 8c, its performance remains as good as that of
a fresh catalyst after five cycles, indicating its strong potential
for industrial applications.

■ CONCLUSIONS
An innovative preparation approach for an Al-rich ZSM-48
zeolite with a hollow structure was developed for the first time.
The diffusion capacity is improved by over 6 times, and the
SAR can be regulated between 130 and 45 by judiciously
matching the desilication and recrystallization rate. The
evolution of the recrystallization process was tracked through
different characterization tools. In general, the whole process
can be divided into two stages: rapid desilication along with
aluminum deposition−redispersion and time-consuming re-
crystallization. From the ingenious implementation of SIM, it
is confirmed that the selective adsorption of the OSDA on the
external crystal directly leads to the spatial mismatch of
dissolution and recrystallization between the internal crystal
and outer shell, further resulting in the formation of a hollow
structure. This provides intuitive experimental support for the
popular hypothesis of constructing hollow structures through
post-treatment. Benefited from the enhancement in diffusion
property and acid density, the hollow Al-rich ZSM-48 zeolite
exhibits better stability and activity compared with the parent
sample in m-xylene isomerization. Also, higher p-xylene yield
(∼26%) than that of the traditional ZSM-5 catalyst is obtained.
This work provides references for improving the diffusivity and
acidity of 1D zeolites by including a strategy and character-
ization.
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