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Surface Design of Hierarchical Zeolites for Mass Transport
Enhancement

Bo-Jun Zeng, Si-Ming Wu,* Ge Tian,* Ming-Bin Gao, Li-Ying Wang, Lu Wu, Xuan Wu,
Liang Mao, Gang-Gang Chang, Christoph Janiak, and Xiao-Yu Yang*

The exceptional performance of hierarchical zeolites is closely related to the dif-
fusion process for applications in oil refining and chemical synthesis. However,
the knowledge of structure-diffusion-reactivity relationships, and particularly
the dynamically evolving data of guest molecules in catalysis, for hierarchical
zeolites is still incomplete. Herein, a dual structure-directing agents’ strategy
is used to synthesize hierarchical ZSM-5 with fish scale-like micro-nano
structures (F-ZSM-5) in fluoride medium. The structure-diffusion-reactivity
relationships of F-ZSM-5 and conventional ZSM-5 crystals while catalyzing the
oligomerization of furfuryl alcohol are elucidated by using an in situ microimag-
ing technique. Additionally, distinct differences of catalytic performance are
observed in individual zeolite crystals due to their different nano-architectures,
suggesting the high correlation between diffusion and reaction rate and crystal
morphologies. Observations made in this investigation deepen the under-
standing ofmolecular transport in zeolites and provide guidance for the rational
design of desired nanostructures that lead to optimal catalytic properties.

1. Introduction

Zeolites that possess frameworks containing well-defined chan-
nels and acid properties are among the most technically im-
portant and widely used nanoporous materials.[1–7] Numerous
studies have demonstrated that diffusion performances deter-
mine the lifetimes of zeolites as heterogeneous catalysts.[8–11]
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Mass transport in zeolites during cat-
alytic processes can take place through ei-
ther surface permeation (i.e., mass trans-
port from the bulk phase to the external
surface) and/or intracrystalline diffusion
(i.e., molecular diffusion through internal
pore channels).[12–15] Generally, manipulat-
ing pore type (mesopores and/or macrop-
ores), and particle size (<100 nm) and di-
mensionality (1D/2D zeolites) are common
approaches used to improve the dynamics
of intracrystalline diffusion in zeolites.[16–22]

Moreover, promising methods to over-
come barriers for surface mass trans-
port in zeolites have come from creating
bio-inspired surface architectures, such as
finned, blackberry-like, and hierarchically
aligned structures.[23–28] However, develop-
ing rational strategies to enhance mass
transport on zeolites has been hindered by
the absence of an in-depth understanding of

structure-diffusivity relationships and more accurate methods to
reveal diffusion mechanisms.
In this situation, numerous studies aimed at the elucida-

tion of diffusion mechanisms of zeolites by using macro- and
microscopic techniques in the past decades, such as uptake
or release measurements, frequency response, spectroscopy
techniques, molecular simulations, and microimaging.[29–36]
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Particularly, super-resolution fluorescence microscopy (FM) has
been employed to gain unprecedented insight into the diverse
pathways for diffusion of molecules in zeolite crystals.[37,38]

For instance, single-molecule localization microscopy has been
demonstrated to be a powerful and efficient tool to directly probe
self-diffusion and diffusion anisotropy of guest molecules.[39,40]

Additionally, local chemical and physical properties of individual
catalyst particles, including acidity, surface barriers and temper-
ature distributions, have been tracked in real-time by using dif-
ferent fluorescence probe technologies.[41–43] However, it is still
incomplete for the monitoring data of guest molecules diffusion
pathways, which is a critical piece of the diffusion puzzle for hi-
erarchical zeolites.[44] Therefore, a need exists for FM techniques
that can be utilized to elucidate how surface and pore structure
governs mass transport in hierarchical zeolites functioning as
heterogeneous catalysts.
Herein, hierarchical ZSM-5 crystals with fish scale-like micro-

nano structures (F-ZSM-5) were hydrothermally synthesized in
the fluoride medium by using a dual structure-directing agents’
(SDAs) strategy. The F-ZSM-5 crystal with ordered hierarchi-
cal surface structures, which is composed of MFI nanosheets
(≈330 nm) by aligned in a bottom-up manner along the c-
axis. Furthermore, during in situ fluorescence monitoring the
oligomerization of furfuryl alcohol (FA), conventional ZSM-5 (C-
ZSM-5) and F-ZSM-5 exhibit markedly distinct diffusion behav-
iors and reaction kinetics. Quantitative analysis of the fluores-
cence signals ultimately revealed that the diffusion coefficient of
F-ZSM-5 (3.8 × 10−14 m2 s−1) is enhanced by two orders of mag-
nitude compared to that of C-ZSM-5 (9.5 × 10−17 m2 s−1), sug-
gesting the high correlation between material performance and
crystal morphologies.

2. Results and Discussion

2.1. Synthetic Optimization and Materials Characterization of
F-ZSM-5

In the initial stages of research, the hydrothermal time of syn-
thesis precursors was set as 48 h by contrasting the structures
of the products (Figure S1, Supporting Information) obtained
under different reaction time. And then, a series of ZSM-5 ze-
olites were hydrothermally synthesized from the 1 SiO2: 0.01
Al2O3: 0.4 TEAOH: 0.4 TPAOH: xNH4F: 30 H2O (x = 0, 0.2, 0.4,
0.6, 0.8, 1.0) system by dual SDAs strategy (Figure S2, Support-
ing Information). The powder X-ray diffraction (PXRD) patterns
(Figure S3, Supporting Information) confirm that all synthesized
samples exhibit ZSM-5 (MFI-type) crystal structure. However,
the NH4F/Si molar ratio significantly influences the morphol-
ogy of zeolite crystal. ZSM-5 crystals with fragmented and irreg-
ular morphologies (Figure S4, Supporting Information) were ob-
tained when synthesis without NH4F. And a mixture of smooth-
surfaced ZSM-5 single crystals and amorphous silica was pre-
pared when the NH4F/Si molar ratio is 1. For the synthesis sys-
tem with a moderate NH4F content (NH4F/Si molar ratio = 0.2–
0.8), the uniform of products was gradual improvement com-
pared to the samples as mentioned above (Figure S4, Supporting
Information). Additionally, the surface nanoparticles size of F-
ZSM-5 exhibited a positive correlation with NH4F concentration,
where higher NH4F content resulted in larger nanoparticles.

Given the optimal morphology observed in ZSM-5 crystals at
NH4F/Si = 0.6, this ratio was maintained while investigating
the influence of various synthesis conditions on crystal morphol-
ogy. Experiments (Figures S5 and S6, Supporting Information)
demonstrated that TPAOH content has a significant impact for
synthetic results, where hierarchical ZSM-5 were only obtained
at a high TPAOH/Si molar ratio (0.4 and 0.5). In contrast, syn-
thesis systems yielded either amorphous products or smooth-
surfaced ZSM-5 single crystals when the TPAOH/Si molar ratios
were below 0.3. Furthermore, the investigations were extended
to solo SDA (TEAOH/TPAOH) systems, pure silica system and
various additives. In the single TEAOH system, only amorphous
products were obtained after hydrothermal treatment (Figure S7,
Supporting Information), which can be attributable to TEAOH’s
weak structure-directing ability toward MFI frameworks.[45] For
the solo TPAOH and pure silica systems, both of them yielded
smooth-surfaced MFI crystals (ZSM-5 and silicalite-1, respec-
tively), with ZSM-5 exhibiting intergrown crystal morphologies.
Additionally, the ZSM-5 zeolites were synthesized with different
inorganic additives (HF, NaF, NH4Cl, and NaOH) that (Figure
S8, Supporting Information) exhibited significant differences in
crystal morphologies. Only the NaOH-containing system pro-
ducedZSM-5 crystals featuring hierarchical structures composed
of well-aligned nanoparticles, which present similar morpholo-
gies to counterparts of NH4F system.
Derived from the optimized condition of the above synthe-

sis (Figure S9, Supporting Information), the hierarchical ZSM-
5 with fish scale-like micro-nano structures (F-ZSM-5) were hy-
drothermally synthesized by a molar composition of synthesis
mixture (1 SiO2: 0.01 Al2O3: 0.4 TEAOH: 0.4 TPAOH: 0.6 NH4F:
30 H2O). The PXRD pattern of F-ZSM-5 (Figure S10a, Support-
ing Information) confirms its MFI-type structure (Figure 1a)
and high crystallinity. Scanning electron microscopy (SEM) im-
ages (Figure 1c) show that F-ZSM-5 crystals have a rounded
orthorhombic shape and uniform size distribution (≈5 × 7 ×
10 μm3). The hierarchical orthorhombic crystals (Figure 1d–g)
are comprised of nanosheets (330 nm average thickness) aligned
in a fish scale-like and bottom-up manner along the c-axis
(Figure 1a,b). Interestingly, the nanosheet orientation in the F-
ZSM-5 crystals (Figure 1g–i) is orthogonal between the side (a-
axis) and top (b-axis), as displayed in Figure 1j.[46] The N2 ad-
sorption/desorption isotherms (Figure S10b, Supporting Infor-
mation) of F-ZSM-5 possess a small H4 hysteresis loop owing
to the alignment of nanosheets. Both the transmission electron
microscopy (TEM) and high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images of F-
ZSM-5 (Figure S11a,b, Supporting Information) contain whole
black and white areas owing to the large size of the crystals. Ad-
ditionally, the corresponding elementalmapping analysis (Figure
S11d–f, Supporting Information) shows that Si, Al, and O are ho-
mogeneously distributed in the crystal.
To reveal the enhancement effect on diffusion of hierarchi-

cal structures, conventional ZSM-5 (C-ZSM-5) was utilized as
the contrast sample. C-ZSM-5 have the typical coffin shape
(Figure S12, Supporting Information) with a 90° intergrowth
characteristic, and the crystal size of C-ZSM-5 is about 5 × 8 ×
13 μm3. The PXRD pattern (Figure S10a, Supporting Informa-
tion) shows that the C-ZSM-5 has a typical MFI-type structure.
N2 adsorption/desorption isotherms (Figure S10b, Supporting
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Figure 1. a) The typical morphology of MFI zeolite, the straight channel along the b-axis and the sinusoidal channel along the a-axis. b) Illustration
of fish scale-like structures created by assembly of MFI zeolites. c) SEM image of F-ZSM-5. d) F-ZSM-5 crystal with separate SEM images for the (e)
on-top view and (f,g) side views of the crystal. (h,i) SEM images of the different sides of a F-ZSM-5 particle. j) Idealized models of F-ZSM-5 and C-ZSM-5
crystals. The blue marks in Figure 1f,g,i represents the building units.

Information) show that F-ZSM-5 and C-ZSM-5 have similar
pore (total and micropore) volumes and distributions (Figure
S10c, Supporting Information). However, because of the hi-
erarchical alignment of the nanosheets, F-ZSM-5 has a 1.7
times (Table S2, Supporting Information) larger external sur-
face area (Sext) that of C-ZSM-5 (134 m2g−1 versus 80 m2g−1).
The temperature-programmed desorption of ammonia (NH3-
TPD) tests (Figure S10d, Supporting Information) show that
the curves of both zeolites contain two separate peaks corre-
sponding to weak and strong acid sites. This finding confirms
that no significant difference exists between the acid strengths
of F-ZSM-5 and C-ZSM-5. But the quantification data (Table
S2, Supporting Information) from the NH3-TPD and pyridine
Fourier transform infrared tests (Figure S13, Supporting In-
formation) studies indicate that C-ZSM-5 has more Brønsted
acid sites (BAS) than those in F-ZSM-5. And the 29Si magic-
angle spinning nuclear magnetic resonance (MAS NMR) spec-
tra (Figure S14, Supporting Information) confirm that F-ZSM-5
and C-ZSM-5 have similar Si species ([Si(OSi)3(OAl)] (-107 ppm)
and [Si(OSi)4] (-113 ppm)).[26] Lastly, as found by analysis of 27Al
MAS NMR spectra (Figure S15, Supporting Information), Al
species in both zeolites are nearly uniformly distributed, which
only small amount (1.5%) of extra-framework Al exits in C-ZSM-
5. Therefore, as summarized in Table S2 (Supporting Informa-
tion), F-ZSM-5 and C-ZSM-5 have the similar textural proper-
ties except the difference in the Sext value and the number of
BAS.

2.2. In Situ Monitoring the FA Oligomerization in Individual
Zeolite Crystal

The mass transport performance of the F-ZSM-5 and C-ZSM-
5 zeolites was investigated using the acid-catalyzed reaction of
furfuryl alcohol (FA) that generates fluorescent oligomers.[37] FA
does not fluoresce under 560 nm excitation, and no fluores-
cent byproducts are generated in the absence of acid-catalysts
(Figures S16 and S17, Supporting Information). And as shown in
Figure 2a, the oligomer products (orange) can be obtained from
FA (black) after being catalyzed by the BAS of zeolites. Thus,
the progress of the reaction generating oligo-FA in zeolite crys-
tals can bemonitored by using super-resolution fluorescencemi-
croscopy. Figure 2b illustrates the confocal microscopy-based in-
strumentation employed to take florescence images during in
situ reaction of FA in zeolite crystals. In these experiments,
the zeolite particle is dispersed in ultrapure water of the reac-
tion cell, and the reaction begins immediately after a specified
amount of the FA solution is added (for details see the Supporting
Information 1.4).
The time-resolved images of the FA oligomerization occurring

in C-ZSM-5 (Figure 2c) shows that the advent of fluorescence in-
tensity takes place at the crystal surface and it gradually increases
and migrates as the reaction progresses to ultimately arise over
the entire crystal with the highest fluorescence intensity being
reached after 450 s. Monitoring of the reaction promoted by F-
ZSM-5 (Figure 2d) shows again that reaction of FA begins at the
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Figure 2. a) Formation of fluorescent products (orange) and b) set up used for the in situ fluorescence microscopy measurements, the laser on top and
the reaction cell placed on the inverted microscope lens in the middle. c–e) Time-resolved confocal fluorescence microscopy images of the oligomer-
ization of FA catalyzed by (c) C-ZSM-5, (d) F-ZSM-5, and (e) F-ZSM-5-C (F-ZSM-5 with a crack). The in situ experiments were performed at room
temperature, and the interval between individual photographs was 5 s (cf. Videos S1–S3, Supporting Information). Scale bars are 2 μm. Final volume
fraction of FA in reaction cells is 0.02% vol.

surface of the crystal. However, several significant differences ex-
ist between the observations made during monitoring the fluo-
rescence producing reaction of FA in crystals of F-ZSM-5 and
C-ZSM-5. First, the intensity of fluorescence at the crystal bound-
ary is significantly stronger than the intracrystalline signal dur-
ing the initial stages of the process taking place in F-ZSM-5 and
not C-ZSM-5. In addition, the increase in fluorescence intensity
occurs more rapidly (≈200 s) in F-ZSM-5 than it does in C-ZSM-
5 (≈450 s, note the different time scales in Figure 2c,d), which
is understandable in light of the larger external surface area and
additional inter-nanosheet diffusion pathways (mesopore) in F-
ZSM-5. Moreover, based on the orientation of the F-ZSM-5 par-
ticle in the fluorescence images in Figure 2d and a consideration
of faces indicated by the SEM images in Figure 1d–f, it appears
that the initiation of the fluorescence generating reaction of FA
occurs on the side and not on top of the F-ZSM-5 crystal. Thus,
FA preferentially enters at the sides of F-ZSM-5 (i.e., the exposed
straight channels of MFI nanosheets, cf. Figure 1a).[47]

Notably, an interesting phenomenon associated with diffusion
behaviors of guest molecules were observed on a cracked F-ZSM-
5 crystal (F-ZSM-5-C, a crack on the top surface of F-ZSM-5,
Figure S18, Supporting Information). The fluorescent images in
Figure 2e show that the fastest-developing and strongest fluo-
rescent signal (i.e., the maximum flow) occurring in F-ZSM-5-C
arises around the crack and the emission signal gradually mi-
grates not only from the particle sides but also from the crack to-
ward the boundaries of the particle. In addition, the highest fluo-

rescence intensity in the process in F-ZSM-5-C crystals is reached
after ≈140 s, which is the shorter than in C-ZSM-5 and F-ZSM-5.
This first time in situ microimaging study of a hierarchical zeo-
lite with a crack, shows that the crack (macropore) significantly
enhances the diffusion of guestmolecules and thus promotes the
reaction. The results discussed above are more clearly portrayed
by time-resolved 2.5D fluorescence microscopy images (Figure
S19, Supporting Information) and Videos S1–S3 (Supporting In-
formation) of these crystals, which is the convincing data for the
verification of diffusion and reaction behaviors in hierarchical
zeolites.[48] Note that in all cases, the observed fluorescence re-
flects reaction–diffusion coupling, thereby offering integrated in-
sight into both molecular diffusion and reaction within individ-
ual crystals. This is particularly valuable from the perspective of
catalytic reactions, as it highlights how structural design of zeo-
lites can modulate coupled diffusion–reaction behavior.

2.3. Quantitative Analysis of Fluorescence Signals within Zeolites

The time and distance along the crystal Y-axis (orange arrows in
Figure 2c–e) dependence of the increase in fluorescence inten-
sity associated with the extent of the FA oligomerization taking
place in C-ZSM-5, F-ZSM-5, and F-ZSM-5-C are quantified in
the plots displayed in Figure 3a–c. As shown in Figure 3a, the
location of the fluorescence signals in the C-ZSM-5 crystal ex-
hibit a smooth transition, with little difference in signal intensity
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Figure 3. Quantitative analysis of the oligomerization reaction of FA catalyzed in three zeolite crystals. a–c) 1D fluorescence intensity plots of distances
along the Y axis (cf. Figure 2c–e) of crystals of (a) C-ZSM-5, (b) F-ZSM-5, and (c) F-ZSM-5-C. d) Initial and e) overall time dependence of fluorescence
intensity increase (cf. Figure S20a, Supporting Information) represented as the ratio (qt/q∞) of the intensity increase (qt) relative to the entire increase
(q∞). (f) Diffusion coefficient (D) derived by analysis of the increasement of fluorescence intensity (cf. Figure 3d) in FA oligomerization reactions
occurring in the zeolites.

between the crystal boundary and interior at each stage. How-
ever, the boundary fluorescence intensity of F-ZSM-5 (Figure 3b)
quickly increases, which is stronger than the intracrystalline flu-
orescence in the initial time and then the curve gradually goes
smoothly as time prolongs. The comparison reveals that a dis-
tinct difference exists in flux during the initial reaction stage. Be-
cause fluorescent signals are associated with the reaction prod-
ucts, both diffusion and reaction processes of guest molecules
are being simultaneously monitored. It indicates that the unique
structures of F-ZSM-5 (reduced the surface barriers) not only fa-
cilitate entry of FA into the crystal to participate in the reaction
but also enhance diffusion of the products.[23] This conclusion
gains support from the results of analysis of data from studies
of F-ZSM-5-C crystals (Figure 3c). In which, the increases in flu-
orescence intensity at boundary and internal regions are nearly
the samewith F-ZSM-5 exception that themost rapid increase oc-
curs around the crack region. Thus, the coupling effects between
reaction and diffusion ultimately lead to more intense fluores-
cence signals observed at the boundaries of F-ZSM-5 as well as
the crack regions of F-ZSM-5-C.
To gain a more thorough interpretation of the results of the

time-dependent experiments, the fluorescence intensity varia-
tions of the whole particle crystals were evaluated. As shown in
Figure 3d, increases in the intensities of fluorescence at early
stages of the FA reaction, represented as the ratio (qt/q∞) of the
increase (qt) relative to the entire increase (q∞), are the same in F-
ZSM-5 and F-ZSM-5-C crystals. However, the intensity increase

in the F-ZSM-5-C gradually exceeds that taking place in F-ZSM-5
after a reaction time of 25 s. In contrast, the fractional increase
of fluorescence intensity in C-ZSM-5 occurs most slowly, and the
corresponding qt/q∞ value (0.01) for C-ZSM-5 at an early stage of
the process (50 s, t1/2 = ≈7 s1/2) is well below those of F-ZSM-5
(0.26) and F-ZSM-5-C (0.38). The obvious differences in uptake
rates occurring in the qt/q∞ values over the entire FA oligomer-
ization reactions are also displayed in the same way for the three
crystals (Figure 3e). Additionally, diffusion coefficients (D) of the
three samples were determined based on the initial uptake data
(Figure 3d) and the equation given in materials and methods
(Supporting Information 1.5).[17,49,50] In this way, the D values
(Figure 3f; Figure S20b–d, Supporting Information) was deter-
mined to be 9.5 × 10−17, 3.8 × 10−14, and 1.0 × 10−13 m2 s−1 for
C-ZSM-5, F-ZSM-5, and F-ZSM-5-C, respectively. The rate of F-
ZSM-5-C is about 2.5-fold over that of F-ZSM-5 and even about
three orders of magnitude enhancement than that of C-ZSM-5.
The D value of F-ZSM-5 differs from those given in previous re-
ports (≈10−15 m2/s of ZSM-5 films or ≈10−11 m2/s of ZSM-5 sin-
gle crystals).[40,42] The deviations can be attributed to differences
inmaterials structures andmeasurementmethod (e.g., using dif-
ferent probes and diffusion models).[51]

The above observations show that the nature of surface and
pore structure plays a key role (cf. Figure 4) in determining the
barrier for the accessibility of acid sites within zeolite crystal.
This is particularly the case when the reaction is dominated by
diffusion limitations. Optimizing the zeolite surface and pore
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Figure 4. Different diffusion behaviors between the conventional zeolites (sole micropores) and hierarchical zeolites (meso-micropores and macro-
meso-micropores). The red arrows indicate the flow direction within the pores (R1: micropore, R2: mesopore, R3: macropore).

structures can significantly reduce this constraint, thereby en-
hancing both mass transport and reaction rates. Notably, such
improvement is bidirectional (i.e., reactants enter, and products
exit) due to the additional diffusion pathways or reduced sur-
face barriers. This is significant for zeolite synthesis in which
desired crystal reactors with high mass exchange and utiliza-
tion efficiency are constructed. In addition, for the zeolites with
hierarchical structures, we evaluated the diffusion of different
crystals with similar morphology. As shown in Table S3 and
Figure S21 (Supporting Information), these series of crystals
have different D values even in the same synthesis batch, ow-
ing to differences in surface and internal defects. Lastly, the
diffusion behaviors (Figure S22, Supporting Information) of C-
ZSM-5 and F-ZSM-5 at a low FA concentration (final volume
fraction of FA in reaction cells is 0.005% vol) reveal that the
time used to reach the highest fluorescence intensities are ex-
tended, but that fluorescence intensity increases in F-ZSM-5 at
a twofold higher rate than it does in C-ZSM-5. This finding in-
dicates that the unique structure of F-ZSM-5 significantly pro-
motes mass transport even at low concentrations of reaction
substrate.

3. Conclusion

In summary, we designed a dual structure-directing agents’ strat-
egy for synthesis hierarchical ZSM-5 with fish scale-like micro-
nano structures (F-ZSM-5) in the fluoride medium. Structure-
diffusion-reactivity relationships of F-ZSM-5 and conventional
ZSM-5 zeolites were explored at the individual crystal level by
using an in situ microimaging technique. Studies in which this
technique is employed tomonitor the oligomerization of furfuryl
alcohol demonstrate that the diffusion behaviors are distinctly
different in zeolites possessing tailored surface and pore struc-
tures. These unique features of F-ZSM-5 lead to an increase in
external surface areas and intracrystalline diffusion routes, both
of which enhance diffusion and reaction rates of guestmolecules.
In addition, the findings suggest that diffusivity differences can
exist in the same batches of zeolite crystals. This investigation
has contributed to increasing knowledge about micro-structural
diffusion preferences of guest molecules in zeolites and it has
provided a clearer understanding of structure-diffusion-reactivity
relationships within zeolite crystals.

4. Experimental Section
Chemicals and Reagents: All chemicals and reagents were supplied

by commercial suppliers and used without further purification. Tetraethyl
orthosilicate (TEOS, 98%), aluminum isopropoxide (Al(OiPr)3, 98%),
tetrapropylammonium hydroxide (TPAOH, 40 wt.% in water), tetraethy-
lammonium hydroxide (TEAOH, 25 wt.% in water), and furfuryl alcohol
(FA, 99%) were obtained from Shanghai Aladdin Biochemical Technol-
ogy Co. Ltd. Ammonium fluoride (NH4F, AR) and ammonium chloride
(NH4Cl, AR) were obtained from Macklin Inc. Hydrofluoric acid (HF, 28
wt.% in water) and sodium hydroxide (NaOH, AR) were obtained from
Sinopharm Chemical Reagent Co. Ultrapure water was obtained from
Hangzhou Wahaha Group Co., Ltd.

Synthesis of ZSM-5 with Fish Scale Like Micro-Nano Surface Structures
(F-ZSM-5): F-ZSM-5 zeolites were synthesized hydrothermally using
TPAOH and TEAOH as structure-directing agents. The molar composi-
tion of initial gels was 0.4 TPAOH: 0.4 TEAOH: 1.0 SiO2: 0.01 Al2O3: 0.6
NH4F: 30 H2O. In a typical synthesis, 0.44 g NH4F and 0.82 g Al(OiPr)3
were mixed with 4.1 mL TPAOH, 4.6 mL TEAOH, and 4.9 mL H2O. Finally,
4.5 mL TEOS was added to the above solution which was then continu-
ously stirred at room temperature for 6 h to obtain a homogeneous so-
lution. The obtained solution was transferred to a Teflon-lined autoclave
(100 mL) for static heating crystallization at 180 °C for 48 h. The solid
products were collected by vacuum filtration, washed with deionized wa-
ter and dried overnight at 80 °C, and then calcined in a muffle oven in air
at 550 °C for 6 h with a heating rate of 2 °C min−1. The type of F-ZSM-5
changes from NH4-type to the H-type after calcined, due to synthesis in
the Na+-free system.

In Situ Monitoring the Oligomerization of Furfuryl Alcohol (FA): The
oligomerization of FA was performed on H-type zeolites placed on the
glass bottom of a cell culture dish (ø = 20 mm, NEST Biotechnology)
in a liquid-phase experiment. Typically, H-type zeolites (4 mg) was dis-
persed in ultrapure water (8 mL) and then 2 mL of the dispersion was
transferred to the culture dish. The reaction, initiated by adding 20 μL FA
solution (2% vol), was monitored in situ by focusing on the bottom sur-
face of the culture dish in the field of a ZEISS LSM 980 with excitation
laser source (560 nm). In prior control experiments, which show that no
random florescence signals are generated, the crystals were activated at
500 °C (2 °C min−1) for 24 h in static air and subjected analysis. All reac-
tions were performed at room temperature, and the interval between indi-
vidual photographs was 5 s. It is worth noting that FA does not exhibit any
fluorescent signal under 560 nm excitation, and no fluorescent byproducts
are generated in the absence of acid-catalysts (Figure S17, Supporting In-
formation). In this experiment, the fluorescence microscope was used to
monitor the fluorescent signals originating from the condensation prod-
ucts of FA. Additionally, the changes in the product fluorescence signals
were then utilized to evaluate the diffusion and reaction performance of
the materials. The analysis of fluorescence signals was conducted using
ZEISS ZEN 3.7 software.
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 16163028, 2026, 18, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202518225 by U
niversitäts- U

nd L
andesbibliothek D

üsseldorf, W
iley O

nline L
ibrary on [06/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Calculation of Diffusion Coefficients: Further quantification of the diffu-
sion properties in the different zeolite crystals was attained using Fick’s
second law, which describes the change of the concentration of molecules
inside the zeolite crystals as a function of time:

𝜕C
𝜕t

= D 𝜕
2C
𝜕x2

(1)

During the initial stage of uptake in the samples, the following appro-
priate solution applies for zeolite with geometry of flat plate:[17,52]

q (t)
q (∞)

= 1 −
∞∑
n=0

8

[(2n + 1)𝜋]2
exp

[
−D(2n + 1)2𝜋2t

h2

]
≈ 8

𝜋

√
D
h2

√
t (2)

where q(t)/q(∞) is the normalized loading, D is the diffusion coefficient, h
is the average thickness of zeolite crystals (measured by using 20 crystals
arising from a single synthesis batch), t is time.
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