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 Zeolite nanoparticles were prepared by laser irradiation of zeolites or ion-exchanged zeolites. 
Using ion-exchanged zeolite as a raw material, metal cations introduced into the pores caused local 
laser absorption, and zeolite nanoparticles were produced with a minimum size of 50 nm. X-ray 
diffraction and transmission electron microscopy images confirmed the crystal structure of the zeolite 
nanoparticles. It was found that the crystal structure was maintained up to the nanoparticles’ surface. 
By changing the centrifugation intensity, nanoparticles of any size could be selectively recovered 
from dispersions containing nanoparticles with a wide size distribution. The volume zone of the 
obtained nanoparticles was estimated by comparing it with the calculated particle size value that all 
particles settled using Stokes' law. 
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1. Introduction
Zeolites are porous aluminosilicates with a uniform pore

size (about 1 nm) and ion exchange capacity. Various zeolite 
types with different pore sizes and compositions have been 
artificially synthesized for different purposes [1]. Synthe-
sized zeolite is used, for example, as a deodorant [2] or ad-
sorbent to remove emission control substances (such as 
NOx) contained in exhaust gas from factories and automo-
biles [3] and to remove impurities from various solvents in 
chemical plants [4]. It is also used as a catalyst for selective 
organic reactions using the molecular sieve effect of pores 
[5]. Furthermore, studies have been made in recent years to 
develop further physical properties by modifying the zeolite 
surface [6] and synthesizing metal nanoparticles inside [7]. 

Nanometer-sized zeolites are attracting attention be-
cause of their high specific surface area, and shortening the 
diffusion path into pores, which improves the accessibility 
of guest molecules into pores and improves dispersibility in 
solvents [8]. Several major zeolite nanoparticles have been 
synthesized by a bottom-up method [9-11]. However, the 
synthesis conditions must be a dilute solution, and the heat-
ing temperature and time must be appropriately controlled 
to suppress the zeolite crystal growth as much as possible. 
Moreover, a method of synthesizing by adding an organic 
template, such as tetramethylammonium hydroxide, and a 
method of synthesizing from an inert medium, such as a gel-
ling polymer, are known to promote nucleation [12-14]. 
However, these methods have problems in terms of high pro-
duction costs and wastewater pollution. Although various 
kinds of zeolites have been developed currently, the synthe-
sis conditions of each one are different. However, it is more 
difficult to synthesize various kinds of zeolite nanoparticles. 

A top-down approach using laser ablation in liquid is one 
of the promising methods to obtain nanoparticles by dispers-
ing a target substance in a liquid and irradiating it with a 
pulsed laser. Various functional nanoparticles were prepared 
by laser processing [15-18]. It would be possible to obtain 
various types of zeolite nanoparticles such as A, X, Y, and so 

on by using commercially available zeolite as a raw material 
for laser ablation in liquid. Various types of zeolite nanopar-
ticles can be easily produced in a short time and one step. In 
addition, it is possible to prevent the pores from being 
clogged by an excessively added organic substance since the 
nanoparticle-dispersed solution does not contain other or-
ganic substances. In the past, nanoparticle production by la-
ser irradiation has been widely performed in producing 
metal or metal oxide nanoparticles. A high-temperature and 
high-pressure field are generated by focused irradiation of a 
solid target, and nanoparticles are produced through melting 
and plasma formation [19-21]. In contrast, preparing zeolite 
nanoparticles with complex metastable structures remains 
challenging. William T Nichols et al [22]. irradiated pow-
dered LTA zeolite with a focused laser and reported that the 
size and crystallinity of the nanoparticles produced varied 
with the difference in laser power. As the power of laser ir-
radiation was increased, the particle size could be reduced, 
but at the same time, zeolite nanoparticles with low crystal-
linity were produced. This indicates that if the laser power is 
too high, the metastable structure will be damaged by form-
ing high-temperature plasma. In their research, the remain-
ing issue was increasing energy absorption and fragment 
while avoiding melting and plasma formation due to laser 
irradiation. 

In this study, ion-exchanged zeolites were used. Metal 
cations were introduced into the zeolite pores by performing 
ion exchange on the raw material zeolite. By inducing local 
laser light absorption into the introduced metal cations, zeo-
lite was fragmented by using unfocused laser light. Top-
down approaches are often challenged with maintaining sur-
face crystallinity. The size and crystallinity of the prepared 
nanoparticles were investigated. By centrifuging zeolite na-
noparticles with a wide size distribution, nanoparticles with 
the desired size were selectively recovered. At that time, the 
volume zone of the particle size of the produced zeolite na-
noparticles was estimated by comparing it with the particle 
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size derived from the Stokes' equation, which all sedimented 
when the centrifugation conditions were changed. 

2. Experimental
HSZ-320-HOA (SiO2⁄Al2O3) = 5.6, Na2O 4.0 wt%) was

purchased from Tosoh Corporation as the raw material zeo-
lite. The raw material was washed with ultrapure water 10 
times (ultrasonic dispersion in ultrapure water followed by 
centrifugation at 500 rpm for 20 minutes to recover the pre-
cipitate). As a procedure for ion exchange, after dispersing 
the starting zeolite in ultrapure water, CuCl2, AgNO3, and 
FeSO4 were added so that the supported metal cation amount 
was 1 wt%, and the mixture was stirred for 2 days. The re-
sulting zeolite was dried in an oven at 120°C for 3 hours and 
stored as a powder sample. Diffuse reflectance ultraviolet-
visible absorption spectra of raw material zeolites and ion-
exchanged zeolites were measured using a spectrophotome-
ter (DR UV–vis, JASCO, V-670). 

0.02 g of a powdered zeolite sample was added to 20 mL 
of ultrapure water and dispersed using ultrasonic waves. The 
dispersion was irradiated with a nonfocused Nd:YAG laser 
(Spectron Laser system, SL8585G, SHG, wavelength of 532 
nm, pulse duration of 13 ns, repetition frequency of 10 Hz) 
for 30 minutes. The irradiation area was measured in each 
experiment, and the laser power was adjusted so that the flu-
ence was 3000 mJ/cm2. Centrifugation was performed for 20 
minutes while changing the rotation speed (500, 1000, 2000, 
3000 rpm) because the raw material zeolite and nanoparti-
cles were mixed in the dispersion after laser irradiation. 3 µL 
of the nanoparticle dispersion was dropped onto the elastic 
carbon support film on the copper grid and observed with a 
scanning electron microscopy (SEM, Hitachi High-technol-
ogies, S-4800, acceleration voltage of 5 kV, working dis-
tance of 8 mm). The secondary particle size (particle size in 
the aggregated state) of the dispersion was measured using 
dynamic light scattering (DLS, Sysmex, Zetasizer Nano, la-
ser wavelength of 633 nm, and detection angle of 173°). The 
crystal structures of the powdered raw zeolite, Fe3+-zeolite, 
and the obtained Fe3+-zeolite nanoparticles were analyzed 
using X-ray diffraction method (XRD, Rigaku, Mini Flex 
600, Cu-Kα radiation (λ0 = 0.15418 nm), scan range of 
5.0000–100.0000 deg.). Since the nanoparticles’ yield was 
extremely small, the nanoparticle dispersions obtained in 10 
experiments under the same conditions were combined and 
dried at 120°C to obtain a powder sample for measurement. 
Furthermore, for samples containing Fe3+, it was necessary 
to measure them in the fluorescent X-ray reduction mode to 
suppress the background increase, which is a problem when 
measuring iron-based samples with a Cu-ray source. Ac-
cordingly, the scan speed was changed for the raw material 
zeolite powder and the others (scan speed at raw material 
zeolite: 2.0000 deg./min, at Fe3+-zeolite and Fe3+-zeolite na-
noparticle: 1.0000 deg./min). Therefore, instead of simply 
comparing the intensities, we normalized the three samples 
and evaluated the changes in the crystal structure based on 
the peak positions and intensity ratios. The crystallite sizes 
of the three samples were calculated from the Full Width at 
Half Maximum (FWHM) at the first peak (2θ = 23.8°) using 
the following Scherrer's equation. 

𝐷𝐷 =
K𝜆𝜆0
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 (1) 

where, D is the crystallite size, K=1.0747 is the Scherrer 
constant when the crystallite is assumed to be a sphere, and 
B is the FWHM. Furthermore, the field-emission transmis-
sion electron microscopy (FE-TEM, JEM-2100F, JEOL, ac-
celeration voltage 200 kV) was used to evaluate the nano-
particles’ crystallinity of about 50 nm. Moreover, elemental 
mapping was performed by transmission scanning electron 
microscopy–energy dispersive X-ray spectroscopy (STEM–
EDS, JED-2300T) to investigate the composition. 

3. Results and discussion
SEM images are shown for samples irradiated with a la-

ser at varying fluences to zeolite that had not been ion-ex-
changed (Fig. 1). It was observed that the particles were finer 
than the raw material zeolite, and the particle size was about 
200 nm to 500 nm regardless of the fluence. A possible zeo-
lite fragmentation mechanism is energy storage through lo-
cal absorption. Zeolite is a material with a large bandgap, 
and most of the laser light incident on the raw material zeo-
lite is thought to pass through without being absorbed. Fur-
thermore, laser ablation occurs by two-photon absorption, 
and as will be shown later in Figure 2, non-doped zeolite has 
no absorption at 266 nm. Therefore, laser ablation by two-
photon absorption rarely occurred. However, a study by 
Nichols et al [22]. pointed out the possibility that crystal de-
fects produced during zeolite synthesis and impurity metal 
cations, such as iron ions that are unintentionally incorpo-
rated, may lead to local energy storage by absorbing light. 
No significant change was observed due to fluence in the 
range of this experiment, and it was thought that further frag-
mentation and higher yield would be difficult in the laser ir-
radiation of raw material zeolite. The local absorption points 
were increased by introducing metal cations into the pores 
by performing ion exchange on the raw zeolite.  

Figure 2 shows the DR UV–vis spectra of ion-exchanged
zeolites ion-exchanged with each metal cation. A change in 
the absorption spectrum shape and an absorbance increase 
were observed in the ion-exchanged zeolite compared to the 
raw material zeolite. Fe3+-zeolite showed a broad absorption 
band from 200 to 400 nm. Peaks near 200 and 280 nm are 
assigned to isolated Fe3+ with tetrahedral and octahedral co-
ordination, respectively [23-24]. The 300–400 nm absorp-
tion band was derived from oligonuclear Fe3+

xOy clusters in-
side the zeolite [25]. For Cu2+-zeolite, a strong peak was ob-
served near 200 to 250 nm. This peak originated from the 

Fig. 1 SEM images of zeolite nanoparticles at each laser 
fluence: (a) 325 mJ/cm2, (b) 750 mJ/cm2, (c) 1500 mJ/cm2, 
(d) 3000 mJ/cm2. 
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Cu2+ ← O2− charge transfer transition due to the coordination 
bond of the ion-exchanged Cu2+ with the surrounding oxy-
gen atoms [26]. Regarding Ag+-zeolite, although there was 
no significant absorbance increase, peaks were observed 
near 240 and 280 nm, which are considered to be Ag+-de-
rived peaks [27]. On the other hand, none of the ion-ex-
changed zeolites had an absorption band at the laser wave-
length of 532 nm. All metal cations in the zeolite would not 
directly absorb the laser light irradiated at 532 nm this time. 
The absorption at 266 nm showed a large difference between 
non-doped zeolite and metal ion-doped zeolite. Through the 
absorption at 266 nm observed only in doped zeolites, laser 
ablation due to two-photon absorption occurred only in 
doped zeolites. In non-doped zeolite, there was no 
absorption at 266 nm and laser ablation due to two-photon 
absorption did not occur. 

Figure 3 shows the SEM image of the sample irradiated 
with laser for each ion-exchanged zeolite. Fe3+-zeolite (b), 
Cu2+-zeolite (c), and Ag+-zeolite (d) laser-irradiated samples 
showed smaller zeolite nanoparticles than the laser-irradi-
ated samples of raw material zeolite (a). This suggests that 
the intentional metal cation introduction by ion exchange 
was effective for efficient fragmentation. On the other hand, 
however, the yield was extremely low and was below the 
detection limit of the electronic balance, so a quantitative in-
crease in yield could not be confirmed. Considering the re-
sults in conjunction with the results in Fig. 2, multiphoton 
laser light absorption by metal cations or ion exchange of 
some metal cations to special positions is thought to be the 
cause of further fragmentation despite the absorption band 
increase, which is not at the laser wavelength. First, about 
the multiphoton laser light absorption, a bandgap that cannot 
be overcome with the energy of a single photon can be ex-
cited by irradiating a high-fluence laser light with the energy 
of multiple photons [28]. Since this study used 532 nm laser 
light, it is possible that the energy of the two photons could 
cause the excitation of an energy band corresponding to half 
the wavelength. It is necessary to use a laser light source 
with a small pulse width that is more likely to induce mul-
tiphoton absorption to expect a higher yield in the future. 
Alternatively, it may be necessary to introduce metal cations 
into more unstable positions by changing the amount or 
method of ion exchange. Rapid heat transfer occurs from 
metal cations that absorb energy locally within the pores to 
the surrounding lattice through electron-phonon coupling. 
As a result of the stress accumulated in the crystal lattice due 

to the lattice vibration, it was presumed that the bond break-
age occurred and led to the miniaturization.  

Figure 4 shows the XRD measurement results of the en-
tire Fe3+-zeolite nanoparticles obtained. These three data 
were normalized. All the peaks seen in the graph are at-
tributed to Y-type zeolite (space group 227: Fd-3m, crystal 
phase name Sodium Aluminum Silicon Oxide). It was con-
firmed that there was no change in peak positions and inten-
sity ratios in the three samples. It is known that the crystal-
line structure of zeolites does not change before and after ion 
exchange in small, well-dispersed quantities [29]. So, it can 
be inferred that Fe3+ was also sufficiently dispersed in this 
experiment. In addition, no change in peak position or inten-
sity ratio was observed after laser irradiation, and no in-
crease in baseline due to amorphous scattering was con-
firmed. This suggests that the crystallinity of the nanoparti-
cles was maintained after laser irradiation. When the crystal-
lite size was calculated using Scherrer's equation at 2θ = 
23.8°, which is the first peak, for the raw material zeolite, it 
was 71.2 nm, for the Fe3+-zeolite was 73.4 nm, and for the 
Fe3+-zeolite nanoparticles were 69.5 nm. A slight decrease 
was observed after laser irradiation, but there was almost no 
change in the three samples. It can be inferred that fragmen-
tation by laser irradiation does not cause significant damage 
to the crystallites themselves. In this study, it was not possi-
ble to experiment on the crystallite size effect of the starting 
zeolite. However, the small crystallite size of the raw mate-
rial zeolite may be advantageous in producing nanoparticles 
by laser irradiation from the viewpoint of easily inducing 
fractures at crystal interfaces.  

Fig. 2 Diffuse reflectance UV-vis spectrum for each ion-
exchanged zeolite. 

Fig. 3 SEM images of each ion-exchanged zeolite: (a) 
Zeolite, (b) Fe3+-Zeolite, (c) Cu2+-Zeolite, (d) Ag+-Zeolite. 

Fig. 4 XRD patterns of the products: (a) Raw material ze-
olite, (b) Fe3+-Zeolite, (c) Fe3+-Zeolite nanoparticles. 
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 Figure 5 shows the STEM–EDS elemental mapping of 
the obtaine  d small Fe3+-zeolite nanoparticles. The nanopar-
ticles confirmed in the STEM image were composed of ze-
olite constituent elements Si, O, Al, and Na, and it was veri-
fied that the obtained fine nanoparticles were zeolite nano-
particles. On the other hand, ion-exchanged Fe was hardly 
mapped. In this study, the supported metal cation amount 
was not large, and the metal cations dispersed in the fine na-
noparticles may be difficult to detect by EDS. Since Fe was 
not detected in this study, it can be inferred that the iron ions 
dispersed in the zeolite did not change into aggregates such 
as FeO within the pores after laser irradiation.  

TEM images of small Fe3+-zeolite nanoparticles are 
shown in Figs. 6(a) and (b). Lattice fringes were also ob-
served at the edges of the nanoparticles in the TEM images. 
This indicates that the Fe3+-zeolite nanoparticles refined by 
local absorption by the laser retained their crystallinity on 
the crystal surface. Zeolite is a material exhibiting its func-
tion by introducing molecules into its pores [30,31] or that 
has excellent adsorption properties in its pores [32,33]. The 
nanoparticle surface crystallinity is very important in terms 
of pore accessibility [34]. FFT power spectra of the obtained 
TEM images were observed. Three strong points were con-
firmed in the spectrum of (c). Since points A and B are at the 
same distance from the center point, it was confirmed that 
lattice fringes spread in different directions with the same 
plane spacing in (a). Point C exists in the same direction as 
point B and at a different distance from the center. In the 
spectrum of (d), ring-shaped weak points were found here 
and there, indicating that the nanoparticles had a polycrys-
talline structure. It was suggested that fragmentation due to 
laser irradiation was not biased toward a specific crystal 
plane because there was no bias toward a specific plane 
through the two patterns. If melting nanoparticles occurred, 
crystallinity would be decreased, and amorphous would be 
created. However, the observation of the lattice fringes in 
Figs. 6(a) and (b) and points at the FFT power spectrum in 
Fig. 6(c) would imply the retention of crystallinity and the 
existence of pores of zeolite. 

Figure 7 shows SEM images of the samples with differ-
ent centrifugal strengths for the Fe3+-zeolite nanoparticle 
dispersion. It was observed that only smaller particles re-
mained as the revolution number increased. As for the shape, 
it was observed that the smaller particles had more anisot-
ropy. Those with an irregular surface structure have a larger 
specific surface area than spherical particles. This change in 
shape was thought to be desirable when considering the ap-
plication to catalytic reactions, in which the accessibility of 
guest molecules to pores is important.  

Figure 8 shows the secondary particle size distribution 
by DLS. As for the secondary particle size, it was observed 
that only the smaller particle size remained by increasing the 
revolution number in the same manner as the primary parti-
cle size. As for the secondary particle size, it was observed 
that only the smaller particle size remained by increasing the 
revolution number in the same manner as the primary parti-
cle size. From these, zeolite nanoparticles of any particle 
size can be selectively recovered by changing the rotation 
speed during centrifugation. By combining laser irradiation 
and centrifugation, we easily prepared nanoparticles of the 
optimum size according to the purpose. In addition, since the 
primary particle size analyzed from the SEM image and the 
secondary particle size measured by DLS were almost the 

Fig. 6 (a) (b) TEM images of Fe3+-Zeolite nanoparticles. 
(c) FFT pattern of (a). (d) FFT pattern of (b).

Fig. 7 SEM images of Fe3+-Zeolite nanoparticles at each 
centrifugation speed: (a) 500 rpm, (b) 1000 rpm, (c) 2000 
rpm, (d) 3000 rpm. 

Fig. 8 DLS frequency distribution of secondary particle 
size of Fe3+-Zeolite nanoparticles at each centrifugation 
speed. 

Fig. 5 STEM images and EDS elemental mapping of Fe3+-
Zeolite nanoparticles. 
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same, it was found that the nanoparticles were not aggre-
gated in the supernatant liquid and were in a dispersed state. 

Figure 9 shows the primary particle size distribution as 
measured by SEM and the particle size that was completely 
precipitated, which was derived from the Stokes equation. 
The calculation was performed according to the following 
procedure. First, the sedimentation velocity of spherical na-
noparticles in a stationary solution can be expressed by the 
following equation according to Stokes' law. 

𝑣𝑣 = �
4(𝑃𝑃𝑠𝑠 − 𝑃𝑃𝑤𝑤)g𝑑𝑑

3𝑃𝑃𝑤𝑤𝐶𝐶𝑑𝑑
         (2) 

where, Ps is particle density (kg/m3), Pw is dispersion me-
dium density (kg/m3), g is the gravitational acceleration 
(9.81 m/s2), d is particle size (m), and Cd is the drag coeffi-
cient. The drag coefficient can be approximated by the fol-
lowing formula when the particles settle quietly without dis-
turbing the dispersion medium. 

𝐶𝐶𝑑𝑑 =
24
𝑅𝑅𝑒𝑒∗ (3) 

where Re* is the particle Reynolds number, expressed by the 
following equation. 

𝑅𝑅𝑒𝑒∗ =
𝑣𝑣𝑑𝑑
𝜂𝜂/𝑃𝑃𝑤𝑤

(4) 

where η is the viscosity (Pa·s) of the dispersion medium. 
During centrifugation, nanoparticles can be expressed as fol-
lows using the rotation radius r (m) and the rotation angular 
velocity ω proportional to the rotation speed N instead of the 
gravitational acceleration g [35]. 

𝑣𝑣 =
(𝑃𝑃𝑠𝑠 − 𝑃𝑃𝑤𝑤)𝑑𝑑2

18𝜂𝜂 × 𝑟𝑟𝜔𝜔2          (5) 

and 

𝜔𝜔 = 2𝜋𝜋
𝑁𝑁
60  (6) 

During centrifugation, the particle velocity v can be ex-
pressed as the change in the radius of gyration with respect 
to time, so it is dr⁄dt. From here, the sedimentation time T (s) 
can be expressed as follows by performing integration from 
Rmin → Rmax (liquid surface → centrifugal tube bottom) with 
the radius of gyration as a variable [36].  

𝑇𝑇 =
18𝜂𝜂(ln𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 − ln𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚)

(𝑃𝑃𝑠𝑠 − 𝑃𝑃𝑤𝑤)𝑑𝑑2𝜔𝜔2 (7) 

This sedimentation time varies depending on the particle 
size of the nanoparticles and the centrifugation speed. In this 
study, centrifugation was carried out for 20 minutes, so we 

calculated the particle size that would sediment in just 20 
minutes at each rotation speed and compared it.  

The primary particle size distribution was below the cal-
culated fully precipitated particle size. It showed that the the-
oretical calculation using Stokes' law which assumes spher-
ical nanoparticles, can be applied to separating anisotropic 
zeolite nanoparticles fragmented by laser irradiation. As the 
centrifugation rotation speed decreased, a larger divergence 
was observed between the total sedimentation particle size 
and the particle size. It is considered that this is because few 
nanoparticles were produced by laser irradiation in the dis-
sociated particle size range. This suggests that the volume 
zone of nanoparticles produced by laser irradiation in this 
study was about 300 ~ 400 nm. 

4. Conclusions
In this study, nanoparticles were produced by unfocused

irradiation of a commercially available zeolite with a 
nanosecond laser with a wavelength of 532 nm. It was 
speculated that the refinement was caused by local energy 
accumulation due to impurity metal cations and crystal 
defects in the raw material zeolite. In addition, the 
fragmentation progressed by introducing metal cations such 
as Fe3+ into the pores. The diffuse reflectance UV–vis 
spectrum of the ion-exchanged zeolite showed no 
absorbance increase at 532 nm. This suggests that 
multiphoton excitation by laser light and the metal cation 
arrangement at irregular positions may greatly affect 
fragmentation. It is necessary to devise ways to efficiently 
induce these absorptions to improve the yield in future 
research. It was confirmed by XRD measurement that the 
crystal structure did not change in all three samples, raw 
zeolite, ion-exchanged zeolite, and laser-irradiated zeolite 
nanoparticles. Crystallite size calculation using Scherrer's 
equation suggested that zeolite produced for industrial use 
has a small crystallite size, which may work favorably in the 
production of nanoparticles by laser irradiation. Lattice 
fringes in the TEM image revealed that the crystal structure 
was maintained up to the surface of the zeolite nanoparticles. 
This shows great potential for surface damage, which has 
been viewed as a problem in previous top-down approaches. 
By using centrifugal separation, zeolite nanoparticles with a 
wide size distribution were selectively recovered. 
Comparison with the sedimentation particle size obtained 
from Stokes' law suggested that many nanoparticles with a 
particle size of about 400 nm were produced by laser 
irradiation.  
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