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The preparation of dispersible MFI-type zeolite nanoparticles with open micropores is challenging.
Herein, a rapid and effective ultrasound-assisted liquid-phase exfoliation method along with a freeze-
drying process for redispersion of calcined silicalite-1 (S-1) zeolite nanoparticle aggregates using 3-
aminopropanol as an exfoliating agent is demonstrated. The exfoliation of S-1 zeolite nanoparticles is
characterized by X-ray diffraction, scanning electron microscopy and DLS particle size analysis. The ef-
fects of drying methods of as-synthesized zeolite nanoparticle suspension, zeolite contents in frozen
nanoparticle suspension, exfoliating agent concentrations, and zeolite doses in ultrasonic suspension on

Keywords: L. . . . . . . .
Na);oparticles exfoliation efficiency are systematically investigated. It is found that the S-1 zeolite nanoparticle
Zeolite (~70 nm) achieves a yield up to 95% through a 30 min ultrasonic exfoliation in a 3-aminopropanol so-

lution along with a freeze-drying process. The proposed exfoliation mechanism involves two primary
stages: guest molecule insertion followed by water expansion, both substantially enhanced by tip son-
ication. This work offers a comprehensive understanding of the exfoliation process, provides valuable
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insights into the dispersion of sintered zeolite nanoparticles.
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1. Introduction

The synthesis of nanoscale zeolite has attracted considerable
interest, as reducing crystal size to the nanometer scale imparts
several advantageous properties, including a large specific surface
area, high stability in suspension, shorter diffusion paths, and a
greater number of exposed active sites compared to their micron-
sized counterparts [1—7]. These features are advantageous not
only in heterogeneous catalysis and molecular separation [8—11],
but also expand their potential for emerging fields, including
chemical sensing [12—14], optical devices [15,16], biomedical and
biological analyses [17], as well as applications in mixed matrix
membranes (MMMs). For instance, Gutiérrez-Rubio et al. [18]
addressed the issue of poor activity in micron-sized zeolite cata-
lysts for vapor-phase acetylation reactions by introducing addi-
tional mesopores into nano-MFI zeolites using a hard templating
method. Chuah et al. [19] synthesized nanoscale silicalite-1 (S-1),
ETS-10, and SAPO-34 zeolites and then dispersed them in a chlo-
roform solution in order to prepare the MMMs. This approach
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enhances gas molecule adsorption and diffusion, significantly
improving the CO;/N; selectivity. Moreover, the use of NaX zeolite
nanoparticles led to an improvement in the selectivity of CO,/N,
and O;/N; in Pebax-1657/zeolite NaX MMM:s [20]. On the one hand,
ascribing to leveraging the selective adsorption properties and
abundant micropore volume of the zeolite nanoparticles, both
studies mentioned above have surpassed the Robertson upper limit
of conventional polymer membranes. On the other hand, the
presence of zeolite nanoparticles can restrict the movement of
polymer chains, increasing the rigidity of the polymer matrix near
the zeolite surface. These significant achievements promote the
practical application of zeolite nanoparticles.

MFI-type zeolite nanoparticles are highly valued in catalysis and
environmental applications due to their enhanced catalytic activity,
high surface area, and low diffusion resistance, making them ideal
candidates for a wide range of industrial processes, including hy-
drocarbon transformations and pollutant removal [21—23]. Various
strategies have been investigated for preparing nanoscale zeolites.
Zhang et al. [24] obtained ~200 nm S-1 zeolites within 10 min at
200 °C with the assistance of seeds. Afterwards, Grand et al. [25]
reported the one-pot synthesis of silanol-free nanosized MFI-type
zeolites by introducing atomically dispersed tungsten. The
W-—-0-Si bonds exhibit greater stability than the Si—O—Si bonds
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found in all-silica MFI zeolites. Recently, it is widely accepted that
the lower water content plays an important role in a more super-
saturated composition, which in turn accelerates the nucleation
and growth of zeolite crystals, resulting in a significant reduction in
reaction time and particle size. Xiao et al. [26] synthesized
100—200 nm ZSM-5 zeolites, demonstrating that higher nutrient
gel concentrations (H,0/SiO, = 2) greatly affect the crystal
morphology and size. Nonetheless, a disadvantage of this approach
is that the product often exists in the form of small crystal aggre-
gates. Zhang et al. [27] also demonstrated an amino acid-assisted
synthetic approach to synthesize MFI zeolite nanocrystals by
two-step crystallization in a concentrated gel system. These studies
provide an in-depth understanding of the formation mechanism of
zeolite nanocrystals, guiding future research on zeolite synthesis.

Organic structure-directing agents (OSDA) are usually required
to reduce the zeolite crystal size [28]. The nanocrystals so obtained
contain OSDA in their intrinsic micropores, and the OSDA has to be
removed for many applications [8,16,19], which is often achieved by
calcination, leading to aggregation. The aggregation of zeolite
nanocrystals is a significant hurdle for their practical applications
[29]. In response to this issue, some research has been focused on
the exfoliation of zeolite crystals. For example, an organic polymer
network as a temporary barrier during calcination was used to
prevent zeolite nanocrystal aggregation [30]. Surface functionali-
zation or coating of zeolite nanoparticles with organic silane re-
agents has also been reported as a strategy to reduce aggregation. Li
et al. [31] dispersed 100 nm LTA zeolite by utilizing sulfonated
polyethersulfone as a prime in MMMs. The hydrophilicity of sulfonic
acid groups enhances interactions between zeolite particles. When
negative charges coat the zeolite surface, electrostatic repulsion
occurs between particles, improving their dispersion. The nanosized
MFI zeolite was functionalized with ethoxydimethylphenylsilane to
enhance its anti-aggregation properties. The particle size remained
almost unchanged, increasing by only 37% after 10 d. Compared to
the unfunctionalized zeolite, the functionalized version showed a
20% decrease in specific surface area and a 40% decrease in external
surface area, while the micropore volume remained relatively stable
[32]. However, these processes are not very environmentally
friendly. Therefore, the preparation of dispersible MFI-type zeolite
nanoparticles with open micropores is still a challenge.

The exfoliation of two-dimensional (2D) materials, including 2D
zeolites, such as the MWW [33,34], MFI [35], and RWR [36]
frameworks and so on, has been well investigated. One of the most
prominent exfoliation techniques uses tetrabutylammonium hy-
droxide (TBAOH), which has been demonstrated to effectively
exfoliate zeolites like MWW and MFI into nanosheets with a high
yield, showing significant potential for practical applications
[33,35,37]. The TBA™ cations occupy the interlayer regions, causing
osmotic swelling that increases the distance between the layers.
Concurrently, the hydroxide ions (OH™) disrupt interlayer in-
teractions, which weakens the structural integrity of the material,
thereby further aiding in exfoliation. For instance, colloidal sus-
pensions of MWW monolayers could be produced directly by stir-
ring 0.5 g MCM-56 with 3% to 5% TBAOH solutions, and the yield is
40% [33]. In addition, it is worth mentioning that the solvent-
mediated freeze-thaw exfoliation of SAPO-34 nanosheets [38].
The material begins by introducing n-hexane into the zeolite in-
terlayers, then is rapidly frozen in liquid nitrogen, utilizing the
shear force from the volume expansion of solvent to initiate exfo-
liation. Varoon et al. [39] studied the effect of polystyrene during
the pre-expansion process on the formation of highly crystalline
nanosheets. o-zirconium phosphate (o-ZrP) was liquid-phase
exfoliated using diethylene glycol amine as the exfoliator under
ultrasonic assistance by Liu et al. [40], and a series of chemicals,
including amino alcohols, natural amino acids, alkyl amines and

diols, for the direct exfoliation of a-ZrP with the assistance of high-
powered ultrasound were studied.

In this study, we present a high-yield exfoliation strategy to
redisperse calcined zeolite nanocrystals via synergistic use of a tip
ultrasonic treatment using 3-aminopropanol as an exfoliating
agent and a freeze-drying approach. The high-power ultrasound
enables effective exfoliation and high nanoparticle yield by gener-
ating sufficient local pressure changes and cavitation effects. Dur-
ing the drying stage, freeze-drying minimizes zeolite sintering after
calcination, thereby reducing agglomerate size. In the exfoliation
phase, the addition of 3-aminopropanol as an exfoliating agent
facilitates the production of nanozeolite with a preserved particle
size and high crystallinity. The exfoliation of S-1 zeolite nano-
particles is characterized by XRD, SEM and DLS analyses. The effects
of drying methods of as-synthesized zeolite nanoparticle suspen-
sion, zeolite contents in frozen nanocrystal suspension, exfoliating
agent concentrations, and zeolite doses in ultrasonic suspension on
exfoliation efficiency are investigated in detail. A potential mech-
anism for the exfoliation process was also proposed. By using the
above exfoliation strategy, MFI zeolite nanoparticles with an
average particle size of ~70 nm, excellent crystallinity, and high
yield can be obtained. This approach offers a rapid dispersion
method for zeolite nanocrystals, expanding their potential appli-
cations in MMMs, adsorption, and catalysis.

2. Experimental
2.1. Chemicals and materials

Sodium hydroxide (NaOH, >96%), tetrapropylammonium hy-
droxide solution (TPAOH, 25% (mass)) and r-lysine (BR) were pur-
chased from Sinopharm chemical Reagent Company. Tetraethyl
orthosilicate (TEOS, 98% (mass), Thermo Fisher Scientific), and 3-
aminopropanol (>99%, Aladdin) were used without further
purification.

2.2. Synthesis and exfoliation of Silicalite-1 zeolite

Synthesis of S-1 zeolite [27]: Typically, TPAOH was mixed with
deionized water and TEOS at room temperature with fast stirring
for 2 h, followed by the addition of L-lysine. The gel mixture was
continuously stirred in a water bath to evaporate the excess water
for a desired water ratio and then transferred into a Teflon-lined
stainless-steel autoclave for crystallization. The molar composi-
tion of the final synthesis gel was set to 1.0 TEOS/0.45 TPAOH/0.1 1-
lysine/9.0 H,0. The mixture was crystallized at 70 °C for 2 d and
170 °C for 1 d. The product was centrifuged, washed with water
several times. And then the cleaned sample was dried by two
different methods: oven drying (OD) at 60 °C for 12 h; vacuum
freeze drying (VFD) at —50 °C and vacuum pressure of 25 Pa for
48 h. The dried samples were calcinated at 550 °C for 6 h to remove
the OSDA. The calcined samples were assigned as C-OD and C-VFD,
respectively.

The exfoliation process of S-1 zeolite in water: The as-made
0.5 g C-OD or C-VFD samples were dispersed in 300 ml of water
and subjected to 1000 W tip sonication treatment for 4 h, respec-
tively. During the ultrasonic process, the suspension was immersed
in an ice-water mixture to prevent the suspension from heating up.
The ultrasonic pulse was applied in intervals, being turned on for
4 s and then off for 4 s. The treated sample was then centrifuged at
7800 r-min~' for 30 min to separate the undispersed zeolite
crystals, which settled at the bottom. The undispersed zeolite
particles were redispersed and centrifuged at 7800 r-min~! for
30 min three times to separate the nanoparticles completely. The
supernatants were subsequently centrifuged at 12000 r-min~' for
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60 min to collect the nanoparticles. The obtained nanoparticle
samples dried under two conditions are denoted as W-OD and W-
VFD, where W indicates exfoliation in water, OD and VFD repre-
sents two different drying methods.

The exfoliation process of S-1 zeolite in 3-aminopropanol
aqueous solution: The C-VFD samples were dispersed in 300 mL
of 3-aminopropanol aqueous solution and subjected to 1000 W tip
sonication treatment for 30—150 min. To keep the suspension from
heating up, the suspension was immersed in an ice-water mixture
during the ultrasonic process. The ultrasonic pulse was applied in
intervals, being turned on for 4 s and then off for 4 s. The treated
sample was then centrifuged at 7800 r-min~! for 30 min to sepa-
rate the undispersed zeolite particles, which settled at the bottom.
The supernatant was subsequently centrifuged at 12000 r-min !
for 60 min to collect the nanoparticles at the bottom. After
centrifugation at 12000 r-min~!, the resulting supernatant was
used to further exfoliate the undispersed zeolite particles. The re-
exfoliation of undispersed zeolite particles was repeated to
enhance the nanoparticle yield. Afterwards, the collected dispers-
ible nanoparticles were washed three times until neutral. The ob-
tained nanoparticle sample was assigned as A-VFD, where A refers
to exfoliation in 3-aminopropanol aqueous solution.

The concentration of the final exfoliated nano zeolite suspen-
sion was determined by drying a certain amount of the exfoliated
nano zeolite suspension (e.g., 1.0 g) and weighing the dried sample,
then the total mass of exfoliated nano zeolite can be obtained. The
yield of nano zeolite (%) was calculated as:

Nano zeolite yield — €2 (1)
Myz

The amount of unexfoliated zeolite sample can be calculated
using the similar way to the total mass amount of exfoliated nano
zeolite (Mep;). My stands for mass of raw zeolite used for exfoliation
and mys represents mass of unexfoliated sample. And the recovery
rate (%) is calculated as:

Menz + Mus

Recovery rate =
myz

(2)

2.3. Characterizations

The morphology and size of the zeolite samples were observed
by scanning electron microscopy (SEM) on a Hitachi SU-8010
equipment. The crystalline phases of the S-1 zeolite were deter-
mined using powder X-ray diffraction (XRD) with a Cu Ka. radiation
source operating at 30 kV and 30 mA, from 5° to 50° with a 0.02°
scanning step at 2.5 (°)-min~ . The size distribution of S-1 zeolite
nanoparticles suspension was measured by Malvern Zetasizer
Nano-ZS equipment. Nitrogen adsorption/desorption measure-
ments were carried out on an AUTOSORB-IQ2-MP analyzer
(Quantachrome, USA) at —196 °C after the samples were degassed
at 300 °C under vacuum. Raman spectra were recorded on a
Renishaw inVia-Reflex confocal Raman microscope with a spectral
resolution of 2 cm™! with a laser line at 532 nm. Infrared (IR)
spectra of the samples were measured on a Bruker Tensor 27 FT-IR
spectrometer.

3. Results and Discussions
3.1. Effect of drying method of S-1 zeolite
The different drying conditions significantly affect the sintering

degree of S-1 zeolite after calcination, which in turn influences the
difficulty of subsequent exfoliation of nano-zeolite particles.

Therefore, we first investigated the impact of drying conditions on
the ultrasonic-assisted exfoliation and dispersion of zeolite nano-
particles in water. The SEM image of the synthesized S-1 zeolite is
presented in Fig. S1 (Supplementary Material), where spherical
particles with a uniform size distribution and an average particle
size of 73.5 nm (Table 1) are shown. SEM images of nanosized ze-
olites after oven-drying-calcination and freeze-drying-calcination,
as well as after exfoliation and dispersion in water, are displayed
in Fig. 1. By comparing the SEM images of the synthesized nano-
sized zeolite (Fig. S1), C-OD (Fig. 1(a)) and C-VFD (Fig. 1(b)) samples,
it is evident that all calcined samples exhibit varying degrees of
agglomeration. The C-OD sample shows a high degree of agglom-
eration, with numerous nanosized zeolites forming irregular block-
like aggregates, while the C-VFD sample exhibits lower agglomer-
ation, with some particles aggregating into a flaky morphology.

Although Fig. 1(c) and (d) do not reveal significant differences in
the particle size of the oven-dried-calcined (C-OD) and freeze-
dried-calcined (C-VFD) samples after ultrasonic dispersion in wa-
ter, the average particle sizes measured by DLS (Table 1) and the
DLS size distribution (Fig. S2) indicate notable differences. Specif-
ically, the average particle sizes of the W-OD and W-VFD samples
after exfoliation in water are 99.8 nm and 76.2 nm, respectively,
compared to 73.5 nm for the synthesized nanosized zeolite. The W-
OD sample exhibits greater aggregation after exfoliation in water,
while the W-VFD sample maintains a particle size close to that of
the as-synthesized material, indicating less agglomeration. Photos
of C-OD and C-VFD S-1 zeolite particles are shown in Fig. 2, where
the volume differences between the two calcined samples are
visually illustrated. For the same mass, the C-VFD sample has a
significantly larger volume than the C-OD sample, suggesting that
the C-VFD sample is looser. This observation is consistent with the
SEM results showing the agglomeration state. The yields of zeolite
nanoparticles obtained from ultrasonic exfoliation of W-OD and W-
VFD were 39% and 52%, respectively, further demonstrating that
freeze-dried-calcined samples are more conducive to ultrasonic
dispersion in water.

The main factors influencing the agglomeration of zeolite
nanoparticles are the drying and calcination processes. In the C-OD
sample, the S-1 nanoparticles collected by centrifugation had
extremely low water content, leading to a significant reduction in
the void between zeolite crystals. Further drying at 60 °C caused
the crystals to tightly bind together, resulting in severe agglomer-
ation after calcination. In contrast, the S-1 nanoparticles in the C-
VFD sample were initially dispersed in a large volume of water to
form a colloidal suspension. After rapid freezing with liquid nitro-
gen, the particles were freeze-dried at —50 °C via ice sublimation
diffusion. Ice acts as a solid-phase spacer during freeze-drying,
increasing the distance between particles and reducing structural
damage to the zeolite nanoparticles. Agglomeration typically oc-
curs when zeolite is treated at high temperatures. Specifically,
during calcination at 550 °C, surface atoms or molecules of adjacent
inorganic particles diffuse and coalesce, forming sintering necks.
This sintering process increases the contact area between particles
and reduces porosity, which can negatively impact both the
chemical durability and dispersibility of the material [41,42]. The

Table 1
Size and yield of S-1 zeolite after ultrasonic-assisted exfoliation in water.

Sample Particle size®/nm Nano zeolite yield/%
As-synthesized zeolite 73.5 —
W-0D 99.8 39
W-VFD® 76.2 52

@ Zeolite content in frozen crystals suspension: 4.8 g-L~".
@ Z-average size.
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Fig. 1. SEM images of S-1 zeolites: (a) C-OD, (b) C-VFD, (c) W-0OD, (d) W-VFD.

nanoparticles from the freeze-drying process remained loose, and
the C-VFD sample obtained after calcination preserved a relatively
loose structure. This looseness further facilitated the exfoliation
process in water by reducing agglomeration, which explains why
the yield of zeolite nanoparticles from W-VFD was higher than that
from W-OD. The nitrogen adsorption/desorption isotherms for the

Fig. 2. Optical photos of 0.05 g S-1 zeolite: (a) C-OD, (b) C-VFD.

C-0OD and C-VFD samples are presented in Fig. 3, both of which
exhibit type I isotherms, characteristic of microporous materials. A
distinct hysteresis loop is observed in the high-pressure range
(0.9—1.0), attributed to the intercrystalline mesopores formed by
the aggregation of nanosized zeolites [43]. The specific surface area
and pore volume values are provided in Table S1. Compared to C-
OD, the C-VFD sample exhibits a higher BET specific surface area
(525 m?-g~1), micropore surface area (384 m?-g~!) and micropore
volume (0.16 cm>-g~ 1), indicating superior crystallinity. These re-
sults suggest that freeze-drying effectively reduces sintering during
calcination, enhances the yield of zeolite nanoparticles during
exfoliation, and preserves the integrity of the micropore structure.
As a result, freeze-drying was chosen for the subsequent
experiments.

3.2. Effect of concentration of 3-aminopropanol in ultrasound-
assisted exfoliation

As mentioned above, if ultrasound-assisted exfoliation is used
only in water, even freeze-dried-calcined samples require 240 min
to obtain 52% dispersible zeolite nanocrystals. The exfoliation effi-
ciency is too low to be useful for practical applications. It has been
demonstrated that most amino alcohols are able to completely
exfoliate o-ZrP with the ultrasound assistance [40]. Therefore, this
section examines the impact of adding an exfoliation agent (3-
aminopropanol) to ultrasonic dispersion on the nanoparticle
dispersion process. Firstly, the pH of the exfoliation system (C-VFD
particle content: 1.67 g-L~!) was monitored over time in 3-
aminopropanol aqueous solutions of varying concentrations, as
shown in Fig. 4(a). The pH of the system decreased significantly as
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the exfoliation time increased, but the time required to reach
equilibrium varied. At a 3-aminopropanol concentration of
0.045 mol-L~!, the system stabilized after 80 min. When the con-
centration was increased to 0.055 mol-L™' or 0.065 mol-L},
equilibrium was reached in a shorter time, 65 min. However,
further increases in concentration did not reduce the time to
equilibrium, suggesting that 0.055 mol-L~! is a threshold concen-
tration. Beyond this point, additional exfoliation agent molecules
do not effectively interact with more Si—OH groups in the zeolite
defects and intercrystalline voids. The reason why the pH value
decreases and then reaches equilibrium and the difference in
exfoliation time can be attributed to the interaction between the
weakly acidic silanol (Si—OH) groups and the weakly basic 3-
aminopropanol. This interaction facilitates the insertion of the
exfoliation agent into the zeolite structure. Specifically, during the
synthesis of MFI zeolite, the basic conditions promote the extrac-
tion of tetrahedral silicon atoms from the zeolite lattice, leading to
the formation of framework defects. These defects increase the
density of silanol groups (Fig. 5), which play a crucial role in the
exfoliation process [44—46].

X. Gao et al. / Chinese Journal of Chemical Engineering 83 (2025) 38—50

Building on this phenomenon, the amino groups in 3-
aminopropanol molecules react with the Si—OH acidic protons
present at defect sites and within the intercrystalline voids of the
zeolite. This interaction gradually consumes 3-aminopropanol at
these acidic sites, leading to a reduction in the pH of suspension.
Notably, this acid-base reaction occurs not only on the particle
surface but also within the intercrystalline voids, as 3-
aminopropanol can penetrate these regions. This dual interaction
mechanism facilitates the expansion of intercrystalline voids,
highlighting effectiveness of 3-aminopropanol in exfoliating
zeolite. The reaction continues until equilibrium is reached, indi-
cating the completion of effective insertion into the zeolite struc-
ture. Thus, the pH equilibrium point serves as a key indicator for
determining the initial exfoliation time, enabling timely separation
of fully exfoliated nanoparticles from residual aggregates. Moni-
toring pH in this stepwise manner is critical for optimizing
dispersion time and maximizing the final yield of zeolite nano-
particles. The cumulative yield and exfoliation time of nano-
particles at different 3-aminopropanol concentrations are shown in
Fig. 4(b). After reaching pH equilibrium, centrifugation at
7800 r-min~! revealed that a significant portion of undispersed
zeolite particles still settled at the bottom. To enhance the yield of
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Fig. 5. FTIR spectra of the zeolite samples: C-VFD, A-VFD without washing and A-VFD.
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Table 2

Properties of S-1 zeolite nanoparticles exfoliated in different concentrations of 3-aminopropanol.

Sample® Concentration of 3-aminopropanol solution/mol-L~! Particle size®/nm Nano zeolite yield/% Recovery rate/% Exfoliation time/min
W-VFD 0 76.2 52 100 240
A-VFD-1 0.045 70.2 57 94 150
A-VFD-2 0.055 69.7 92 96 120
A-VFD-3 0.065 714 67 90 120

@ Zeolite content in frozen suspension: 4.8 g-L~, initial exfoliated C-VFD zeolite content: 1.67 g-L ™.

@ Z-average size.

fully dispersed nanoparticles, multiple exfoliation cycles were
implemented. As shown in Fig. 4(b), the third exfoliation cycle
yielded the highest proportion of nanoparticles, indicating that
repeated cycles help to further separate nanoparticles from larger
aggregates. This improvement can be attributed to two factors: (1)
the prior ultrasonic exfoliation reduced particle size, enhancing
dispersion, and (2) as nanoparticles were separated, the exposed
surface area of agglomerates increased, revealing more reactive
Si—OH groups. The results of ultrasonic-assisted exfoliation of C-
VED zeolite into S-1 zeolite nanoparticles, showing different sizes
and yields under varying 3-aminopropanol concentrations, are
presented in Table 2.

Comparing the particle size distributions from Fig. S2c (W-VFD)
and Fig. S3, it is evident that in the absence of 3-aminopropanol,
zeolite nanoparticle yield and recovery rates are the lowest, with
larger particle sizes (76.2 nm) and a prolonged exfoliation time of
240 min. Introducing 3-aminopropanol at various concentrations
significantly improves exfoliation efficiency. At 0.055 mol-L™! (A-
VFD-2), the zeolite nanoparticle yield and recovery rate peak at 92%
and 96%, respectively, while the exfoliation time is halved to
120 min. This demonstrates that 3-aminopropanol effectively en-
hances the exfoliation efficiency, with minimal sample loss (4%).
However, notable differences emerge at 3-aminopropanol con-
centrations of 0.045 mol-L-! and 0.065 mol-L~\. In the
0.045 mol-L~! system (A-VFD-1), the lower amino concentration
necessitates an extended exfoliation time, but the zeolite nano-
particle yield increases by only 5% compared to the system without
an exfoliation agent, while the recovery rate drops by 6%. This
suggests that the efficient exfoliation cannot be achieved at this
concentration, and prolonged exposure to the alkaline solution
reduces recovery. Conversely, at 0.065 mol-L~! (A-VFD-3), the
zeolite nanoparticle yield drops by 25% compared to A-VFD-2, with
no improvement despite the increased exfoliation agent concen-
tration. The recovery rate also declines to 90%. The decline may
result from partial deprotonation of Si—OH groups under high 3-
aminopropanol concentrations, forming SiO~. These groups can
form hydrogen bonds with excess 3-aminopropanol, increasing
intermolecular forces and promoting particle aggregation, thereby
reducing nanoparticle yield. Additionally, the heightened alkalinity
may partially dissolve zeolite particles during exfoliation, further
lowering recovery rates.

The band at 3737 cm ™! in the infrared spectrum corresponds to
the free silanol group [47]. A strong band at 3737 cm~! is observed
for C-VFD (Fig. 5), indicating the presence of a significant amount of
free Si—OH groups. However, after the ultrasonic exfoliation in the
3-aminopropanol solution, the absorption peak in this region for
the unwashed A-VFD sample almost completely disappears, sug-
gesting that nearly all the free Si—OH groups have interacted with
the weak base of 3-aminopropanol. The band between 3670 cm™!
and 3454 cm ™! (purple region) is attributed to medium and strong
hydrogen-bonded silanol groups within the porous matrix [47], the
intensity of the absorption peak at the corresponding position for
C-VFED is significantly higher than that of A-VFD and the unwashed
A-VFD after exfoliation, indicating that some Si—OH groups in the
porous matrix interacted with the amino group. Additionally, the

peaks at 3737 cm~ ! and 3670—3454 cm ™ in the infrared spectrum
of the washed A-VFD sample are smaller than those in the C-VFD
sample. Therefore, the infrared characterization results suggest that
3-aminopropanol interacts with the zeolite nanoparticles, and it is
difficult to completely remove the 3-aminopropanol from the
nanoparticles through simple water washing. To fully remove 3-
aminopropanol from the zeolite nanoparticles, new washing stra-
tegies will need to be explored in future studies.

The silanol groups were characterized by Raman spectroscopy
(Fig. 6), where the band at 980 cm~! was assigned to the Si—0
stretching vibration of the Si—OH group [25,48]. The results are
consistent with those observed in the infrared spectrum,
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Fig. 6. Raman spectra of the zeolite samples: VFD and C-VFD.
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Fig. 7. XRD patterns of exfoliated and unexfoliated S-1 zeolite.
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confirming that C-VFD contains silanol sites that react with
3-aminopropanol. Raman spectroscopy of the VFD sample shows
prominent peaks corresponding to TPAOH molecules, specifically in
the range of 1030—1150 cm ™', which can be attributed to the C—N
stretching vibration mode [49].

XRD patterns of all samples align with the characteristic peaks
of MFI zeolite (Fig. 7). Compared to the C-VFD sample, the diffrac-
tion peak intensity of the W-VFD sample remains virtually un-
changed, indicating that the ultrasonic exfoliation process in water
does not significantly alter the zeolite lattice structure. However,
when the 3-aminopropanol concentration reaches 0.065 mol-L™,
the intensity of the diffraction peaks corresponding to the (101) and
(200) crystal planes in the A-VFD sample significantly decreases,
suggesting that the exfoliation process may involve etching, which
alters the intensity of the diffraction peaks and reduces crystallinity
of the particles.

Furthermore, TEM images of the exfoliated zeolite nanoparticles
(Fig. 8) show no significant change in size or morphology compared

200 nm |
— |

to the as-synthesized zeolite (Fig. S1), indicating that the exfolia-
tion process does not notably affect the overall particle structure.
Additionally, TEM images (Fig. 8(b)—(d), and (f)) reveal the pres-
ence of mesopores in the exfoliated nanoparticles, likely resulting
from etching by 3-aminopropanol during the exfoliation process.
As a representative, the texture properties of A-VFD-2 sample were
measured by nitrogen adsorption experiment. As shown in Fig. 9,
A-VFD-2 exhibits a type I adsorption-desorption isotherm, typical
of microporous materials, along with a hysteresis loop character-
istic of mesoporous materials. This hysteresis loop is attributed to
capillary condensation, which is commonly observed in meso-
porous materials [43]. Compared to the C-VFD sample, the BET
specific surface area (541 m?-g~!), micropore surface area
(388 m?-g 1), and micropore volume (0.17 cm>-g~') of A-VFD-2
show only slight differences (Table S1), indicating that the crys-
tallinity of the material is well preserved after the exfoliation
process. In summary, the optimal 3-aminopropanol concentration
for the exfoliation suspension was determined to be 0.055 mol-L™.

Fig. 8. TEM images of zeolite nanoparticles: (a, b) A-VFD-1, (c, d) A-VFD-2, (e, f) A-VFD-3.
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This concentration strikes a balance between the high exfoliation
efficiency and minimization of over-exfoliation, ensuring effective
exfoliation while maintaining a high yield and recovery rate of
zeolite nanoparticles.

3.3. Effect of zeolite content in frozen suspension

After determining the optimal 3-aminopropanol concentration
of 0.055 mol-L~! for exfoliation, we investigated the effect of the
content of synthetic zeolite in the frozen suspension. The zeolite
content determines the ice content during freeze-drying, which
indirectly affects the exfoliation efficiency [50,51]. Ultrasound-
assisted exfoliation of C-VFD zeolites with varying zeolite con-
tents in the frozen suspension resulted in A-VFD nanoparticles with
different sizes and yields, as shown in Table 3. As the zeolite content
increased from 4.8 g-L~! to 28.8 g-L~!, the yield of exfoliated
nanoparticles continuously decreased, dropping significantly from
92% to 57%, while the recovery rate also showed a slight decrease.
When the zeolite content in the frozen suspension increased from
48 g-L ! to 144 g-L7}, the particle size of the exfoliated nano-
particles remained relatively stable, increasing from 69.7 nm to
71.9 nm. However, at a zeolite content of 28.8 g-L !, the particle size
increased to 80.5 nm (Fig. S4). The SEM images of the calcinated
samples with different zeolite contents in the frozen suspensions
are shown in Fig. 10.

The order of agglomeration volume is Vc.yep.s > Vcveps > Ve
viD-4 > Vcvrp-2, which correlates with the yield, suggesting a
negative relationship between agglomeration and yield. It is
inferred that the decrease of the nanoparticle yield with increasing
the zeolite content is linked to the significant agglomeration, which
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Fig. 9. N, sorption isotherms of A-VFD-2 sample.

Table 3

Effects of S-1 zeolite content in frozen suspension on properties of nanoparticles.

occurs under high concentration conditions during calcination.
Notably, both the C-VFD-6 sample (Fig. 10(g)) and the C-OD sample
(Fig. 1(a)) exhibit larger agglomeration volumes, and the particle
sizes of the exfoliated nanoparticles exceed that of the as-
synthesized zeolite. This indicates that, although freeze-drying
helps reduce sintering and improves the exfoliation efficiency, an
excessively high zeolite content in the frozen suspension can
negate these advantages and negatively affect subsequent exfolia-
tion results. The underlying reason is likely that the zeolite content
in the frozen suspension indirectly impacts the freeze-drying pro-
cess by altering the ice content in the material. Zeolite particles are
first rapidly frozen in liquid nitrogen at —196 °C, then undergo
freeze-drying to remove the ice via sublimation. This rapid freezing
prevents zeolite particles migration due to diffusion limitations,
resulting in a highly uniform zeolite particle distribution. The strict
control of frozen zeolite content during freezing plays a crucial role
in the formation of ice crystals. As the ice crystals sublimate during
freeze-drying, this effectively eliminates the capillary migration
that typically occurs during the evaporation process in conven-
tional oven drying methods. Capillary migration can lead to particle
agglomeration and the collapse of pore structures due to localized
pressure gradients and water transport within the sample. By
avoiding this, freeze-drying reduces the agglomeration of zeolite
nanoparticles and further helps preserve the pore structure of
zeolite nanoparticles [50,51]. This is reflected in the higher micro-
pore specific surface area, as shown in Table S1, the micropore
specific surface area of the C-VFD sample is 50 m?-g~! larger than
that of the C-OD sample. As the zeolite content increases in the
frozen suspension, the volume of the ice crystals decreases, limiting
the effective dispersion of the zeolite nanoparticles. This results in
the formation of larger zeolite agglomerates after calcination,
characterized by irregular shapes and partial bending.

The increased size and density of these agglomerates hinder the
ability of the exfoliating agent, 3-aminopropanol, to effectively
penetrate the zeolite crystals and expand the intercrystalline voids.
The cumulative yields of exfoliated nanoparticles under different
zeolite contents in the frozen suspensions (Fig. 11) further support
this conclusion. For the A-VFD-5 sample, an additional 30 min of
exfoliation time was applied; however, its nanoparticle yield
remained significantly lower than that of A-VFD-2 and A-VFD-4.
Similarly, the initial pH stabilization phase for the A-VFD-6 sample
was extended by 25 min compared to the other samples. Despite
having the same total exfoliation time as A-VFD-5, the nanoparticle
yield of A-VFD-6 was even lower. The total yield and recovery rates
for A-VFD-5 and A-VFD-6, both with higher zeolite contents in
frozen suspensions, were notably lower than those of A-VFD-2 and
A-VFD-4. These results indicate that the reduced exfoliation effi-
ciency caused by the high zeolite content in the frozen suspension
cannot be compensated simply by extending the exfoliation time.
Based on these findings, a zeolite content of 4.8 g-L~! in the frozen
suspension was identified as optimal, ensuring the maximum yield
with minimal particle agglomeration.

Sample® Frozen zeolite content®/g-L~! Particle size®/nm Nano zeolite yield/% Recovery rate/% Exfoliation time/min
A-VFD-2 4.8 69.7 92 96 120
A-VFD-4 9.6 715 80 95 120
A-VFD-5 14.4 719 64 92 150
A-VFD-6 28.8 80.5 57 92 150

@ Concentration of 3-aminopropanol solution: 0.055 mol-L~", initial C-VFD zeolite content in exfoliated suspension: 1.67 g-L~".

@ In frozen suspension.
© Z-average size.
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500 nm

SEM images of C-VFD zeolites with different zeolite contents in frozen suspension: (a, b) 4.8 g-L™", (c, d) 9.6 g-L™", (e, f) 144 g-L"", (g, h) 28.8 g-L™".
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Fig. 11. Effect of zeolite content in frozen suspension on yield of A-VFD zeolite (the
numbers in column charts indicate the exfoliation time of each individual step in the
multiple exfoliation process).

3.4. Effect of zeolite content in ultrasonic-assisted exfoliation
suspension

To enhance the exfoliation efficiency, the influence of zeolite
content in the exfoliation suspension was systematically investi-
gated, and the effect of the ultrasonic output power on the struc-
tural integrity and yield of the exfoliated zeolite nanoparticles was
explored. The results are presented in Table 4. As the zeolite content
in the exfoliation suspension decreased, from 1.67 g-L™! (A-VFD-2)
to 0.33 g-L~! (A-VFD-8), the yield and recovery rate of the A-VFD
zeolite nanoparticles varied by approximately 3%. However, the
required exfoliation time was dramatically reduced from 120 min
to 30 min, significantly improving the exfoliation efficiency. The
XRD patterns of the samples are shown in Fig. 12. The diffraction
peak intensity of A-VFD-8 is very close to that of C-VFD, while the
intensities of A-VFD-7 and A-VFD-2 are lower. This suggests that
the shortened ultrasound-assisted exfoliation time helps mitigate
lattice damage in the zeolite structure. The ultrasonic intensity is
related to the cavitation potential, which enhances zeolite exfolia-
tion and dispersion by increasing shear forces [52].

However, an excessive ultrasonic intensity can introduce lattice
defects in the zeolite structure, necessitating careful optimization
to balance the effective exfoliation with the structural integrity. In a
0.055 mol-L~! 3-aminopropanol aqueous solution, the pH changes
of the system with different zeolite concentrations in the exfolia-
tion suspensions are shown in Fig. 13a. The pH equilibrium time for
the A-VFD-8 sample was only 30 min, just 25% of the ultrasonic
treatment time required for A-VFD-2. Moreover, only one exfolia-
tion step was needed to achieve a 95% yield of zeolite nanoparticles
(Fig. 13b). This high efficiency is attributed to the increased relative
output power of the ultrasound and the enhanced contact between
the C-VFD-8 sample, the exfoliation agent and water. This interac-
tion allows a larger proportion of active Si—OH sites to participate
in the reaction, accelerating the nanoparticle exfoliation and

Table 4

101 501

*

*200 **033
#133 A-VFD-2
M . h’\‘ A-VFD-7

Intensity

A-VFD-8

10 20 30 40 50
20/(°)

Fig. 12. XRD patterns of exfoliated and unexfoliated S-1 zeolites.

dispersion. As the zeolite concentration in the exfoliation suspen-
sion increases, the time required to reach pH equilibrium also in-
creases, and the number of exfoliation cycles triples. These findings
highlight the importance of selecting an optimal zeolite content in
the ultrasonic suspension based on the ultrasound output power.
For a 1000 W tip sonication, using 0.33 g-L~! as the zeolite content
in the exfoliation suspension is ideal for achieving the best balance
between crystal integrity, yield, and recovery efficiency.

3.5. Exfoliation mechanism

As shown in Fig. 14, in the first step, the insertion of exfoliant
molecules is facilitated by an acid-base reaction between the amino
groups of 3-aminopropanol and the Si—OH groups located at the
structural defects and surfaces of the zeolite. This reaction leads to
the embedding of the exfoliant molecules into the intergranular
spaces or crystal defects of the zeolite, gradually increasing the
intergranular voids. The second step involves water-induced
expansion. The enlarged intergranular spacing allows water mol-
ecules to penetrate these spaces, causing the zeolite structure to
swell until it is completely exfoliated. The hydrophilic functional
groups of 3-aminopropanol enhance water entry, further promot-
ing the exfoliation process [40]. Ultrasonic cavitation plays a crucial
auxiliary role in both stages of the exfoliation process. Cavitation is
induced by high-power ultrasound and involves the formation,
growth, and collapse of microbubbles in a liquid medium. This
cyclical process generates intense local energy. When these bubbles
collapse, they create strong shear forces and localized heating,
temporarily increasing the temperature and pressure around the
zeolite particles. This cavitation effect accelerates the insertion of
exfoliant molecules by increasing molecular motion and reducing
intermolecular cohesion within the zeolite. Specifically, cavitation
enhances the acid-base reaction between the amino groups and
Si—OH groups, promoting faster and more extensive insertion of
the exfoliant. Additionally, the continuous cycle of bubble growth

Effect of C-VFD zeolite content in exfoliated suspension on properties of A-VFD zeolite nanoparticles.

Sample® Exfoliated zeolite content/g-L~" Particle size®/nm Nano zeolite yield/% Recovery rate/% Exfoliation time/min
A-VFD-2 1.67 69.7 92 96 120
A-VFD-7 1.00 69.9 95 97 95
A-VFD-8 033 68.7 95 99 30

@ Concentration of 3-aminopropanol solution: 0.055 mol-L~", zeolite content in frozen suspension: 4.8 g-L~".

@ 7Z-average size.
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Fig. 14. Schematic representation of ultrasonic-assisted exfoliation in 3-aminopropanol aqueous solution.

and collapse helps evenly disperse the exfoliant molecules,
improving the overall stability of the system and allowing it to
reach equilibrium in a shorter time.

4. Conclusions

In summary, this study successfully achieved the dispersion of
MFI zeolite nanoparticles by removing the OSDA through a method
that combines freeze-drying, calcination, and ultrasound cell dis-
ruptor. The process begins by quickly freezing a 4.8 g-L~! S-1 zeolite
suspension using liquid nitrogen, followed by freeze-drying to form
ice crystals, which help maintain a loose structure. The zeolite is
then calcinated, and 0.055 mol-L~! 3-aminopropanol is used as an
exfoliation agent to facilitate a rapid ultrasonic-assisted exfoliation
of a 033 g-L7! S-1 zeolite suspension. Within 30 min, zeolite
nanoparticles with good crystallinity and an average particle size of
approximately 70 nm are obtained, with a yield as high as 95%. This
method effectively addresses the issue of particle agglomeration
after calcination. By analyzing the key factors influencing the
exfoliation process, a primary exfoliation mechanism was pro-
posed, which involves the insertion of exfoliation molecules fol-
lowed by the expansion of water molecules inserted into the
zeolite. Both steps are significantly accelerated by ultrasonic cavi-
tation. 3-Aminopropanol serves as an efficient exfoliation agent
due to its dual functionality: the alkalinity of the amino group and
the hydrophilicity of the hydroxyl group. This dual action enhances
the exfoliation efficiency while preserving crystallinity, achieving

high yield, and maintaining a high recovery rate of zeolite nano-
particles. This study presents a promising method for the rapid
dispersion of sintered MFI zeolite nanoparticle agglomerates,
which has potential for expanding applications in various fields.
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