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Double-shelled hollow iron-encapsulated zeolite for enhanced
mass transfer and reusability in persulfate activationt
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A double-shelled hollow iron-encapsulated zeolite (Fe;03;@H-ZSM-
5@H-ZSM-5) catalyst was synthesized via a stepwise etching-
recrystallization strategy for persulfate activation. The unique
double-shelled hollow architecture enhances mass transfer while
ensuring ultra-low iron leaching and excellent structural stability,
resulting in outstanding reusability.

Antibiotics and dyes have been frequently detected in
environmental waters due to their widespread use in medical,
livestock farming and industrial applications.>? Their high chemical
stability and poor biodegradability enable persistence and
accumulation, posing ecological risks and potential threats to human
health.3# Conventional treatment technologies often fail to achieve
complete removal, thereby motivating the development of more
powerful oxidative remediation approaches.>®

Persulfate-based advanced oxidation processes (PS-AOPs) have
emerged as effective routes for degrading persistent organic
pollutants, owing to their broad pH tolerance, low catalyst demand,
and high redox potential of sulfate radicals (SO4°~).” Persulfate
activation can be achieved via photochemical,® thermal,®
ultrasonic,’® electrochemical,’* and transition-metal-mediated
pathways.'? Among these, Iron-based catalysts are promising for
efficient reactive oxygen species (ROS) generation in persulfate
activation. However, homogeneous iron activation typically requires
acidic conditions and suffers from difficult recovery and secondary
sludge generation, limiting practical applications.!® Accordingly,
heterogeneous iron-based catalysts, such as supported catalysts,*
mixed metal oxide catalysts,’ and doping-modified catalysts,® have
been extensively explored. Nevertheless, iron species leaching and
their poor reusability remain major challenges.
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Zeolites are regarded as promising supports for iron species
owing to their excellent hydrothermal stability, well-defined
microporous structures, and molecular sieving effects.” The
confinement effect of zeolitic frameworks can enhance the
dispersion of iron species during crystallization and effectively
suppress iron leaching under catalytic conditions.’® However, the
intrinsically long and narrow micropore channels impose diffusion
limitations on PDS and short-lived ROS, resulting in sluggish
degradation kinetics. Several strategies, such as creating hollow or
hierarchical zeolite architectures, can shorten diffusion pathways
and enhance mass transfer.’® However, etching-induced shell
defects may compromise structural integrity, resulting in increased
iron species leaching and poor reusability.

Double-shelled hollow zeolite possesses unique advantages,
including shortened diffusion pathways, enhanced mechanical
stability, and enlarged surface area, these are beneficial for
improving mass transfer and catalytic performance.?° Recently,
multi-/double-shelled hollow zeolites have been applied in several
catalytic reactions, including hydrocarbon conversion,?t methanol
aromatization,?? and hydrodeoxygenation processes.?> Although
templating?! and defect-etching strategies?® have been reported for
constructing double-shelled hollow zeolite, the controllable
construction of multi-shelled hollow zeolites with well-confined
active sites remains highly desirable. Moreover, their application
remains largely unexplored in the PS-AOPs field, particularly for
simultaneously enhancing mass transfer and achieving excellent
reusability.

Herein, we report a double-shelled hollow iron-encapsulated
zeolite (Fe;03@H-ZSM-5@H-ZSM-5) catalyst synthesized via a
stepwise etching-recrystallization strategy for PDS activation. We
come to a conclusion that (i) the confinement effect of ZSM-5
promotes the uniform dispersion and stabilization of iron species, (ii)
the hollow architecture enhances the mass transfer of PDS and ROS,
and (iii) the robust double-shelled structure ensures ultra-low iron
species leaching and excellent structural stability, enabling
outstanding reusability. More importantly, the proposed stepwise
etching—recrystallization strategy provides an alternative approach
for constructing multi-shelled hollow catalysts and may inspire the
design of other multi-shelled hollow-structured catalytic systems.
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Fig. 1. (a) The schematic illustration of the synthetic route for Fe,0;@H-ZSM-5@H-
ZSM-5. (b) XRD patterns of as-prepared samples. SEM images of (c1) ZSM-5, (c2)
Fe,03/ZSM-5, and (c3) Fe,0;@H-ZSM-5@H-ZSM-5. TEM images of (d1) ZSM-5, (d2)
Fe,03/ZSM-5, and (d3) Fe;,03@H-ZSM-5@H-ZSM-5. (e) Elements distribution of
Fe203@H-ZSM-5@H-ZSM-5.

The schematic illustration of the synthetic route for Fe,O;@H-
ZSM-5@H-ZSM-5 is shown in Fig. 1a. The catalyst was constructed
via a stepwise etching-recrystallization strategy, which integrates
hydrothermal crystallization, controlled etching, and secondary
shell growth. First, Fe species were introduced into ZSM-5 via
impregnation to form Fe,03/ZSM-5. Subsequently, controlled
alkaline etching was employed to generate the hollow Fe,O;@H-
ZSM-5. Then, secondary crystallization was carried out to

sequentially grow an S-1 intermediate layer and an outer ZSM-5 shell.

Finally, a second alkaline treatment was applied to create the
double-shelled hollow Fe;,03;@H-ZSM-5@H-ZSM-5 catalyst. Detailed
synthetic procedures are provided in the Electronic Supplementary
Information (ESIT).

As shown in Fig. 1b, all catalysts exhibit characteristic
diffraction peaks corresponding to the MFI structure, indicating the
successful formation of the ZSM-5 framework in all samples.
Notably, no characteristic diffraction peaks of Fe;03 are observed in
Fe;03/ZSM-5 and Fe;03@H-ZSM-5@H-ZSM-5, which may be
attributed to the high dispersion or ultra-fine size of Fe,03 species
with crystallite sizes below the detection limit of XRD.24 The
morphology and size of the as-prepared samples were observed by
SEM, as shown in Fig. 1c. Both ZSM-5 (c1) and Fe;03/ZSM-5 (c2)
exhibit a typical disc-like morphology with an average diameter of
~250 nm and a thickness of ~160 nm. Moreover, no obvious Fe;03
aggregates are observed on the surface of Fe;03/ZSM-5. In contrast,
Fe;0;@H-ZSM-5@H-ZSM-5 (c3) displays an ellipsoidal morphology
with a larger particle size of 300 nm, which may be associated with
repeated shell growth during the multi-step synthesis processes. As
shown in Fig. 1d, both ZSM-5 (d1) and Fe;03/ZSM-5 (d2) exhibit a
totally solid structure. However, Fe;0s3 clusters with a size of 9 nm
can be clearly observed in Fe;03/ZSM-5, suggesting that the ZSM-5
framework effectively confines the growth of Fe,03 species.

2| J. Name., 2012, 00, 1-3

Fig. 2. (a) The TC degradation efficiencies and (b) the values of kops in different

degradation systems.

Furthermore, SEM and TEM images of Fe;03@H-ZSM-5 can be found
in Fig. S1 (ESIt). Moreover, Fe,0s@H-ZSM-5@H-ZSM-5 displays a
well-defined double-shelled hollow structure. The inner cavity has a
size of ~180 nm x 110 nm with an inner shell thickness of ~20 nm,
while the outer cavity is ~30 nm with an outer shell thickness of ~14
nm, and the overall particle size is ¥~300 nm x 210 nm, confirming the
successful construction of the double-shelled hollow architecture. In
addition, no obvious Fe,;03 clusters are observed on the surface of
Fe;03@H-ZSM-5@H-ZSM-5, which may be attributed to the partial
migration or loss of iron species during the alkaline etching process,
leading to a higher dispersion of the remaining iron species.
Furthermore, the elemental mapping (Fig. 1e) shows that Si, Al, O,
and Fe are uniformly distributed throughout Fe;,0;@H-ZSM-5@H-
ZSM-5. The proportion of the main elements in different samples are
listed in Table S1 (ESIT). ZSM-5 possesses a Si/Al ratio of 42.95, which
is favorable for the formation of the hollow structure. For
Fe,03/ZSM-5, the Si/Al ratio has a slight change, and the iron content
is determined to be 4.49 wt%. In contrast, the Si/Al ratio of Fe,0s@H-
ZSM-5@H-ZSM-5 increases to 67.51, which is likely related to the
repeated shell growth and alkaline etching during the multi-step
synthesis processes. Meanwhile, the iron content decreases to 0.90
wt%. Overall, these results confirm the successful construction of
Fe;03@H-ZSM-5@H-ZSM-5 with a double-shelled hollow structure.

Tetracycline (TC) was selected as a representative organic
pollutant, and the degradation conditions were optimized as shown
in Fig. S2 (ESI T ). The optimal degradation conditions were
determined as follows: pH 5, 15 mg of Fe;03@H-ZSM-5@H-ZSM-5,
and 30 mg of PDS. As shown in Fig. 2, only 35.2% of TC was removed
in Fe203/ZSM-5/PDS system within 150 min, with a reaction rate
constant (kops) of 0.00335 min™". This relatively low activity may be
attributed to the diffusion limitation of PDS and ROS within the
microporous channels of ZSM-5. In contrast, 73.9% of TC was
removed in Fe,03@H-ZSM-5@H-ZSM-5/PDS system, with a kops value
of 0.01275 min~". Notably, despite the lower iron loading (0.90 wt%),
the kobs value is still approximately four times higher than that of
Fe,03/ZSM-5/PDS system. Quantitative calculation further reveals
that the utilization efficiency of iron species in Fe;03@H-ZSM-5@H-
ZSM-5 is about 20 times higher than that in Fe,03/ZSM-5. This
significant improvement can be attributed to the hollow structure of
Fe,03@H-ZSM-5@H-ZSM-5, which facilitates the mass transfer of
PDS and ROS and shortens the diffusion pathways during the
catalytic reaction.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3. (a) EPR spectra in Fe,03@H-ZSM-5@H-ZSM-5/PDS system. (b) TC
degradation efficiencies and (c) the values of kops in the presence of various
scavengers. (d) Contribution rate of each ROS during the TC degradation process.
(e) XPS spectra of Fe 2p of fresh and spent Fe,03@H-ZSM-5@H-ZSM-5.

Electron paramagnetic resonance (EPR) spectroscopy was
employed to identify the ROS generated in Fe,O3;@H-ZSM-5@H-
ZSM-5/PDS system. As shown in Fig. 3a, strong signals of DMPO-*OH,
DMPO-*05’, and TEMP-10,, together with a relatively weak DMPO-
SO4°- signal, can be clearly observed, indicating the involvement of
multiple ROS ( *OH, SO4*, *07, and 10;) in TC degradation. To further
quantify the contribution of each ROS, 100 MM MeOH, 100 mM TBA,
5 mM p-BQ, and 10 mM FFA were added to the reaction system as
ROS scavengers.?> As shown in Fig. 3b and Fig. 3c, the addition of p-
BQ only slightly affects the TC degradation efficiency, with a removal
rate of 66.00%. In contrast, the addition of FFA significantly
suppresses the TC degradation, while the value of kops decreases
from 0.01275 min? to 0.00169 min?. The contribution rates of
individual ROS were further quantitative calculation, as shown in Fig.
3d. Among these, SO4°- exhibits a relatively significant contribution
rate of 28.01%, highlighting the advantage of PDS as an oxidant.
Meanwhile, 10, plays a major role, with a contribution rate of 52.13%,
which is consistent with the quenching experiment results.2®
Furthermore, as shown in Fig. 3e, iron species in the fresh Fe,Os@H-
ZSM-5@H-ZSM-5 mainly exist in the form of Fe,03. During the PDS
activation process, iron species act as the main active sites, and
approximately 53.07% of Fe(Il) is reduced to Fe( Il ). Based on these
results, a possible catalytic mechanism is proposed: PDS is activated
by the iron species in Fe;O3@H-ZSM-5@H-ZSM-5 to generate
multiple ROS, while a portion of Fe(I) is reduced to Fe( I ). Among
these ROS, 10, plays the predominant role during TC degradation
process.

The iron species leaching, structural stability, and reusability of
Fe;,03@H-ZSM-5@H-ZSM-5 were systematically investigated. The
iron species leaching concentration after each reaction was
determined using a modified 1,10-phenanthroline method.?” As
shown in Fig. 4a, the iron species leaching concentration after the
first cycle is only 0.011 mg L%, which decreases to below the
detection limit after four cycles. Furthermore, the iron species
leaching concentration of Fe;03@H-ZSM-5@H-ZSM-5 was compared
with previously reported catalysts. As shown in Fig. 4b, the iron
species leaching concentration of Fe;03@H-ZSM-5@H-ZSM-5 is
significantly lower than that reported in most literatures, and the
detailed comparison is shown in Table S2 (ESIT). This result indicates
that the double-shelled structure of Fe,03;@H-ZSM-5@H-ZSM-5
effectively suppresses the leaching of iron species during the

This journal is © The Royal Society of Chemistry 20xx
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catalytic process due to its double-shell barrier effect. Moreover, the
spent catalyst was characterized by XRD (Fig. 4c) and SEM (Fig. S3).
The results show that the catalyst still retains the characteristic MFI
structure after repeated reactions. Meanwhile, its particle size and
morphology show only slight changes, and no obvious structural
damage or surface cavities are observed, indicating that Fe,Os;@H-
ZSM-5@H-ZSM-5 possesses excellent structural stability, which is
attributed to its robust double-shelled structure. More importantly,
the reusability of Fe,O3@H-ZSM-5@H-ZSM-5 was tested. As shown
in Fig. 4d, after eight consecutive cycles, the TC degradation
efficiency decreases by only 8.2% compared with the initial run,
demonstrating the outstanding reusability. Overall, the unique
double-shelled hollow architecture of Fe,03@H-ZSM-5@H-ZSM-5
not only effectively suppresses the leaching of iron species, but also
ensures excellent structural stability, resulting in outstanding
reusability during TC degradation process.

To evaluate the practical applicability of Fe,0;@H-ZSM-5@H-
ZSM-5, a catalyst-loaded membrane was constructed for the
degradation of organic pollutants. As illustrated in Fig. 5a,
wastewater is pumped into the reactor, where organic pollutants are
removed in Fe;03@H-ZSM-5@H-ZSM-5/PDS system, and the treated
water is subsequently collected. The water purification setup was
further assembled, as shown in Fig. 5b, in which the reactor consists
of two sieve plates and a catalyst-loaded membrane. By comparing
the fresh and spent membranes, no obvious detachment of
Fe,03@H-ZSM-5@H-ZSM-5 is observed on the membrane surface
(Fig. 5c-e), indicating that the catalyst-loaded membrane exhibits
good structural stability.

To further evaluate the anti-interference capability, the effects
of various coexisting anions on TC removal were investigated. As
shown in Fig. 5f, the addition of NOs-, Cl-, and HCO3™ only exhibit
minor effects on TC removal at low concentrations, whereas their
inhibitory effects becomes more significant with increasing anion
concentration. In contrast, the presence of HPO42" and S04%"
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anions on TC removal rate. (g) TC removal rate in real environmental water
samples. (h) Removal rate of various organic pollutants ([MB] = [RhB] = [LEV] =
[SMX] = 10 mg L) in the water purification setup.

suppresses the TC removal rate. These phenomena may be
attributed to the consumption of ROS by these anions.?®2?° In addition,
anions with higher negative charges are more likely to react with ROS,
thereby further reducing the TC degradation rate.3%3! Subsequently,
real environmental water samples containing 10 mg L TC were
introduced into the water purification setup for evaluation. As shown
in Fig. 5g, among all tested real water samples, the lowest TC removal
rate (40.5%) is observed in seawater. This may be attributed to the
more complex composition of seawater, which contains various
anions and organic substances that may interfere with the
degradation process.3%33 Finally, the water purification setup was
further applied to the removal of other organic pollutants. As shown
in Fig. 5h, the removal rates of RhB and MB both exceed 68.7%,
indicating the effective purification capability of the water
purification setup toward various organic pollutants. Overall, these
results demonstrate that the catalyst-loaded membrane-based
water purification setup exhibits strong anti-interference capability
and promising practical applicability.

In this work, a double-shelled hollow iron-encapsulated zeolite
(Fe203@H-ZSM-5@H-ZSM-5) catalyst was successfully synthesized
via a stepwise etching-recrystallization strategy. Benefiting from the
hollow architecture, the value of ks in Fe,03@H-ZSM-5@H-ZSM-
5/PDS system is approximately 4 times higher than that in
Fe,03/ZSM-5/PDS system. More importantly, owing to its robust
double-shelled structure, Fe;03;@H-ZSM-5@H-ZSM-5 exhibits an
ultra-low iron leaching concentration (0.011 mgL?) and excellent
structural stability, which together endow the catalyst with
outstanding reusability, as evidenced by only a slight decrease (8.2%)
in TC removal rate after eight consecutive cycles. This stepwise
etching-recrystallization strategy provides an alternative approach
for constructing multi-shelled hollow catalysts and may inspire the
design of other multi-shelled hollow-structured catalysts for AOPs
and water purification.
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