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driven assembly of sub-10 nm nanoparticles
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Porous microbeads containing inorganic nanoparticles have attracted considerable attention because they

can be endowed with functionalities derived from the metal elements. One representative method for

synthesizing porous microbeads containing inorganic nanoparticles is the emulsion method. Here, we

develop a novel synthesis concept for the synthesis of pure inorganic porous microbeads using an

aluminate system as a model system. The obtained microbeads showed microporosity with a high

specific surface area as well as a spherical shape. Porous aluminate microbeads are synthesized by

preparing water in oil emulsion droplets using a concentrated dispersion of aluminum hydroxide

nanoparticles surface-modified with acetylacetone, followed by destabilizing the nanoparticles by

extraction of alcohol from the aqueous droplets to the oil phase. We found that amphiphilic ethanol

spontaneously extracted to the oil phase from the aqueous phase, destabilizing the nanoparticles and

resulting in porous microbeads.
Introduction

Porous spherical particles with diameters in the mm range and
pores in the nm range are attractive due to their high specic
surface areas and controllable architectures of pores and
spherical shape. These porous microbeads have been used in
a wide range of applications, such as catalysis, gas sensing, gas
adsorption, biomedical, drug delivery, electromagnetic wave
absorption, electrochemical, and electromagnetic interference
shielding.1–8

Porous microbeads containing inorganic nanoparticles are
especially promising because they can be endowed with func-
tionalities derived from the metal elements, such as magnetic
responsiveness and catalytic activity.9,10 One representative
method for synthesizing porous microbeads containing inor-
ganic nanoparticles is the emulsion method. The emulsion
method involves mixing two immiscible solvents, i.e. aqueous
and oil phases, to disperse one into the other as droplets,
allowing for the synthesis of materials under relatively mild
conditions. The emulsion method includes: (1) pickering
emulsion method, which uses solid nanoparticles instead of
surfactants to synthesize stable emulsions and (2) polymeriza-
tion methods with organic polymers or silica as polymer
matrixes.11–15 Nevertheless, high loading of inorganic nano-
particles into the porous microbeads is restricted by these
processing methods.
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To achieve pure porous inorganic microbeads via emulsion
method, two synthesis approaches starting from inorganic
nanoparticle dispersions have been reported: (1) evaporation-
driven assembly and (2) gelation-driven assembly of nano-
particles. Evaporation-driven assembly involves destabilizing
the nanoparticles in the aqueous phase by evaporating the
solvent inside the emulsion droplets.16–18 Gelation-driven
approach involves adding a third component, such as salt
(electrolyte), to the aqueous droplets to destabilize nano-
particles by shielding the surface charge of the inorganic
nanoparticles.16,19 However, there are no examples of inorganic
porous microbeads other than those based on silica (SiO2) and
titania (TiO2). This is due to the low dispersion stability of
general inorganic nanoparticles in solvents. Silica and titania
are known to exhibit exceptionally-high dispersion stability in
aqueous solvent even without the use of surface modiers
thanks to strong solvation of the nanoparticles.20,21 Recently, we
have reported concentrated dispersions of sub-10 nm hydroxide
nanoparticles modied with small organic molecules, such as
acetylacetone (acac) in various systems.22–27 While conventional
nanoparticles tend to aggregate in concentrated systems, the
hydroxide nanoparticles are stabilized as concentrated disper-
sions due to their unique solvation state.28 Inorganic micro-
beads of various chemical compositions are expected to be
achieved by using these nanoparticle dispersions. Since the
solvent of the concentrated dispersions of hydroxide nano-
particles is a mixture of water and alcohols, the extraction of the
alcohols from aqueous phase to oil phase to destabilize the
system is expected to achieve microbeads formation. As a model
RSC Adv., 2026, 16, 28627–28633 | 28627
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Fig. 1 Synthesis steps of porous aluminate microbeads.
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system, we focus on the aluminate to demonstrate the concept
of the current material synthesis of inorganic microbeads.

Herein, we report the synthesis of porous aluminate micro-
beads via alcohol extraction-driven assembly of hydroxide
nanoparticles in emulsion droplets. This study focuses on
aluminates to validate the proposed synthesis concept for
inorganic microbeads. Although a similar concept of solvent–
evaporation-driven assembly of organically-modied nano-
crystals in o/w emulsion systems has been reported for con-
structing superlattices of the nanocrystals,29 the resulting
materials are typically dense spheres lacking accessible
porosity. In contrast, our alcohol-extraction-driven approach
enables the formation of an accessible porosity with a high
specic surface area of 430 m2 g−1.

Experimental
Chemicals

Aluminum chloride hexahydrate (AlCl3$6H2O, 98%), ethanol
(>99.5%), methanol (>99.5%), 1-propanol (>99.5%), 1-butanol
(>99%), dodecane (>99%), toluene (>99.5%) and acetylacetone
(acac. >99%) were purchased from FUJIFILM Wako Pure
Chemicals Industries. Propylene oxide (>99%) was also
purchased from Sigma-Aldrich Co and 2-butanone (>99%) was
also purchased from Kanto Chemical Co., Inc. In addition,
poly(lauryl methacrylate)-b-poly(poly(ethylene glycol) methac-
rylate) (PLMA50-b-PPEGMA5) block copolymer (Mn = 11 700 g
mol−1) was kindly supplied by Dainichiseika Color and Chem-
icals Mfg. Co., Ltd, Japan. All of the chemicals were used as
received.

Synthesis of aluminum hydroxide dispersion

AlCl3$6H2O (3.018 g, 12.5 mmol) was dissolved in a mixture of
ethanol (15.00 mL, 257.25 mmol) and ion exchanged water
(10.00 mL, 555.5 mmol), followed by the addition of acac (0.428
mL, 4.12 mmol). Aer the mixture was stirred for >30 min in
a closed glass container at room temperature (25 °C), propylene
oxide (13.10 mL, 185.0 mmol) was added all at once under
stirring and the mixture was stirred for a further 24 h to yield
a homogeneous solution. Aer 24 h since the addition of
propylene oxide, obtained transparent dispersion of aluminum
hydroxide was used for the microbeads synthesis as follows.

Preparation of porous aluminate microbeads

Porous aluminate microbeads were prepared via a three-step
process as described in Fig. 1: (1) emulsication, (2) extrac-
tion of ethanol, and (3) washing and drying. 4.5 mL of the
nanoparticles dispersion synthesized according to the section
of “Synthesis of aluminum hydroxide dispersion” was added to
a mixed solution of dodecane (10.00 mL, 44.0 mmol) and PLMA-
b-PPEGMA (0.45 g) under stirring at 500 rpm and further stirred
for 10 s in a closed glass container. The mixture was stirred at
2000 rpm for a further 10 min with a propellerless planetary
mixer (AR-100, Thinky Co., Ltd, Japan) for emulsication. The
emulsion was then allowed to stand for >6 h at 40 °C in a closed
glass container (aging step). While aging, ethanol was extracted
28628 | RSC Adv., 2026, 16, 28627–28633
from the aqueous phase to the oil phase spontaneously. The
resulting microbeads formed in the aqueous phase of the
emulsion was collected and washed by centrifugation with 2-
butanone, then dried under vacuum at 40 °C.
Characterization

The crystallinity of samples was identied by X-ray diffraction
(XRD; Mini Flex 600C, Rigaku, Corporation) using Cu Ka radi-
ation (l = 0.1540 nm) equipped with a one dimensional high-
speed detector (D/tex Ultra2, Rigaku Corporation). The diver-
gence slit was set to 0.625°. A Ni lter was used to remove Cu Kb
radiation. Particle morphology was observed by a transmission
electron microscopy (TEM; JEM2000FX microscope, JEOL Ltd,
Japan) at an accelerating voltage of 200 kV and a magnication
of 100 K. For the TEM observation, the samples were dispersed
in ethanol. The dispersions were then dropped onto a Cu grid
(HRC-C10 STEM Cu100P, OHKEN Co., Ltd). Analysis of micro-
beads structure was conducted by scanning electron micro-
scopes (SEM; JCM-7000, JEOL Ltd, Japan, and JSM-IT500HR,
JEOL, Japan). A thin Pt–Pd coating was applied to the samples
using an ion sputter (JFC-1100E, JEOL Ltd, Japan) to avoid
charge up during observation. Emulsion droplets were exam-
ined under optical microscope (OM; HM-200, Mitutoyo Co., Ltd,
Japan) with maximum magnication of 50×. Droplets were
placed between glass slides before observations and photo-
graphed by a microscopy camera (WRAYCAM-EL510, WRA-
YMER Co., Ltd, Japan). The Fourier-transform infrared (FT-IR)
spectra of the samples was recorded with a FT/IR-4600 spec-
trophotometer (JASCO Corporation) at a scan resolution of
4.0 cm−1. For the measurement of aluminum hydroxide nano-
particle dispersion, the sample powder obtained by drying was
placed between KBr plates and pressed into a pellet. Other
© 2026 The Author(s). Published by the Royal Society of Chemistry
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liquid samples were placed onto the ATR crystal and analyzed.
Specic surface areas and pore size distributions of the porous
microbeads were determined by N2 adsorption–desorption
isotherms using a BELSORP MINI X instrument (MICROTRAC
BELL Co., Ltd, Japan). Samples were de-gassed for 24 h at 200 °C
before measurement. Specic surface areas were calculated by
the Brunauer–Emmett–Teller (BET) method and the pore size
distributions were obtained from the adsorption branches of
the isotherms using the Barrett–Joyner–Halenda (BJH) method.
Results and discussion
Preparation of aluminum hydroxide nanoparticle dispersion
and porous aluminate microbeads

Concentrated (8.3 wt%) dispersion of aluminum hydroxide
nanoparticles was obtained in 24 h since the addition of
propylene oxide to the starting solution (Fig. 2a). Propylene
oxide induces alkalization, i.e., pH increase, through the ring–
opening reaction of epoxide ring to form aluminum
hydroxide.30 Fig. 2b and c show a TEM image and the corre-
sponding size distribution of aluminum hydroxide nano-
particles dried from the dispersion. The nanoparticles have
a mean diameter of 5.8 nm (standard deviation: 1.5 nm). The
size is small enough as a nanobuilding block for microbeads.
The aggregation of aluminum hydroxide nanoparticles on TEM
grid was not observed, suggesting high dispersion stability of
the aluminum hydroxide in the solvent upon drying. This
feature is also favorable for the homogenous synthesis of
Fig. 2 (a) Appearance of aluminum hydroxide nanoparticle dispersion
aluminum hydroxide nanoparticles. (d) XRD pattern and (e) FT-IR spe
dispersion.

© 2026 The Author(s). Published by the Royal Society of Chemistry
aluminate microbeads. Fig. 2d shows the XRD pattern of the
dried powder of aluminum hydroxide nanoparticle dispersion.
The broad peaks can be ascribed to pseudoboehmite though
there is a possibility of contamination of other polymorphs of
aluminum oxyhydroxide and aluminum hydroxide.31 Fig. 2e
shows the FT-IR spectrum of the dried powder obtained from
the aluminum hydroxide nanoparticle dispersion. The absorp-
tion band of the overlapped peaks originating from the lattice
vibration modes of Al–OH was observed at 500–1000 cm−1.32

The band at 3000–3700 cm−1 is derived from the stretching
vibration of water molecules and the superposition of O–H
stretching bands.33–35 The peaks of the acac vibrations appear in
the range of 900–1700 cm−1 and 2900–3000 cm−1: C–C vibration
at 936 cm−1, C–OH vibration at 1030 cm−1 and C–H vibration at
1293, 1398, 2925 and 2968 cm−1.36,37 The two separate vibrations
of C]O, the keto and enol forms, at 1599 and 1533 cm−1 reect
the chelation of acac to metal centers.38 These results indicate
that aluminum hydroxide nanoparticles are modied with acac.

Subsequently, the aluminum hydroxide colloidal dispersion
(4.5 mL) was stirred with a mixed solvent of 10 mL of dodecane
and 0.45 g of PLMA-b-PPEGMA, and then aged at 40 °C. Fig. 3a
shows an optical micrograph image of the resulting emulsion
droplets aer aging for 10 min at 40 °C. Droplets with a wide
range of sizes (5–30 mm) were observed. Aer centrifugation and
vacuum drying of emulsion droplets, porous aluminate micro-
beads were obtained. Fig. 3b shows a SEM image of microbeads.
The average particle size of the microbeads was 7.5 mm (stan-
dard deviation: 4.3 mm). Fig. 3c shows the N2 adsorption–
. (b) TEM image and (c) corresponding particle size distribution of
ctrum of the dried powder obtained from the aluminum hydroxide

RSC Adv., 2026, 16, 28627–28633 | 28629
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Fig. 3 (a) Optical micrograph of emulsion droplets. (b) SEM image of aluminate microbeads. (c) Nitrogen adsorption–desorption isotherms and
corresponding pore size distribution curve (inset) of aluminate microbeads.
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desorption isotherm and BJH pore size distribution curve of
microbeads. The type I isotherm suggests the presence of
micropores originating from the interstices among the primary
aluminum hydroxide particles. The average pore diameter of
1.8 nm calculated from BJH method is in good agreement with
the micropore size as interparticle pores considering the size of
primary particles, 5.8 nm. As a result, the BET specic surface
area of microbeads was as high as 430 m2 g−1. The specic
surface area is determined by the size of the primary particles,
similar to the behavior of xerogels derived from discrete nano-
particle dispersions.39 We can conclude that the porous alumi-
nate microbeads show microporosity with a high specic
surface area as well as a spherical shape.
The parameter inuencing the morphology of porous
aluminate microbeads

The shape and the size of microbeads depend on the temper-
ature at which alcohol extraction occurs. This was veried by
comparing the temperature of aging (25–80 °C). Fig. 4a shows
the SEM image of microbeads synthesized at 25 °C. The average
particle size was 2.9 mm (standard deviation: 2.01 mm).
Increased fraction of smaller microbeads was observed
Fig. 4 SEM images of aluminate porous microbeads prepared by aging

28630 | RSC Adv., 2026, 16, 28627–28633
compared to the case of 40 °C (Fig. 3b). Fig. 4b–d show SEM
images of microbeads synthesized at 50, 60 and 80 °C. The
microbeads aged at 50 °C show an average particle size of 7.4
mm (standard deviation: 3.9 mm) and the shape comparable to
that at 40 °C. The shape of microbeads was in part irregular
aer aging above at 60 °C. Most microbeads show irregular
shapes with being connected each other aer aging at 80 °C.
These results suggest that the diffusion rate of ethanol
increases as the temperature increases, causing excessive
extraction of ethanol and making the emulsion unstable.
Optical micrographs (Fig. S1) suggest that the movement of
droplets is slow at 25 °C and the frequency of coalescences
between droplets is relatively low. We also found that the shape
and particle size of microbeads depend on the composition of
the dispersion and the type of alcohol used for the synthesis of
aluminum hydroxide dispersion (Fig. S2 and S3). The synthesis
parameters of microbeads need to be optimized to obtain
spherical aluminate microbeads. Generally, the structures of
porous materials depend on drying conditions form corre-
sponding wet gels.39,40 While the present study employed
vacuum drying at 40 °C, varying these conditions or utilizing
supercritical drying could potentially offer a means to control
the porous structure, including pore size and density.
at (a) 25 °C, (b) 50 °C, (c) 60 °C and (d) 80 °C.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The formation mechanism of porous aluminate microbeads

We hypothesize that the extraction of ethanol from droplets to
external oil phase drives the formation of microbeads observed
in the current process. To verify this, the transport of ethanol
was comparatively examined in the cases of using two oil pha-
ses, dodecane and toluene. Fig. 5a shows the three-dimensional
Hansen solubility parameter centered on ethanol. The Hansen
solubility parameter is an index used to evaluate the affinity
between solvents. Generally, the closer the distance (Ra) of
a given solvent to the central solvent (ethanol in the present
case), the higher the affinity between the two solvents.41 When
ethanol is the central solvent, Ra = 5.33 for dodecane and 4.85
for toluene. Hansen parameter suggests that ethanol has
a higher affinity for toluene than for dodecane. The synthesis of
microbeads with toluene and dodecane as oil phases was per-
formed to tune the speed of ethanol extraction from the drop-
lets. Fig. 5b shows a SEM image of microbeads synthesized
using toluene as the oil phase. Microbeads were not obtained
when toluene was used as the oil phase, in contrast to the case
with using dodecane. In the case of using toluene, excessive
ethanol was extracted to the oil (toluene) phase from the
aqueous phase, preventing emulsication. On the other hand,
in the case of using dodecane, it is suggested that an extraction
from aqueous phase of ethanol to oil (dodecane) phase caused
Fig. 5 (a) Three-dimensional Hansen solubility parameter centered on
molecular interaction; dD: dispersion force; dP: polar force; dH: hydro
toluene as the oil phase. FT-IR spectra of the oil phase after aging for (c

© 2026 The Author(s). Published by the Royal Society of Chemistry
a moderate loss of dispersion stability of the aluminum
hydroxide nanoparticle in the aqueous phase, resulting in the
formation of microbeads. While the interfacial environment is
complex due to the presence of surfactants and concentrated
nanoparticles, the HSP serves as a useful indicator of the ther-
modynamic driving force for alcohol transport.

The interaction between water and ethanol is an important
factor in the successful extraction of ethanol when dodecane is
used as the oil phase. Either oil phase (dodecane and toluene)
was gently poured on the dispersion of aluminum hydroxide
nanoparticle to form macroscopic two-phase separation. Then,
the two-phase-separated liquid was aged at room temperature.
Fig. 5c and d show the FT-IR spectra of oil phases aer aging.
When using dodecane as the oil phase, apparent spectral
change was not observed in 24 h. On the other hand, using
toluene as the oil phase resulted in the appearance of absorp-
tion peaks derived from ethanol at 2976 and 3380 cm−1 over
time.37 This indicates that ethanol is signicantly extracted to
the oil phase in the case of toluene because ethanol has a higher
affinity for toluene than dodecane. The limited extraction of
ethanol to dodecane phase was further investigated. Either
ethanol or a mixture of water/ethanol was poured onto dodec-
ane to form two-phase-separated system and then the changes
in the chemical species in each oil phase were analyzed. Fig. S4
ethanol. Three axes correspond to contributions influencing on inter-
gen bonding. (b) SEM image of aluminate microbeads prepared with
) dodecane and dispersion, and (d) toluene and dispersion.

RSC Adv., 2026, 16, 28627–28633 | 28631
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shows the FT-IR spectra of each oil phase aer aging. Pure
ethanol (Fig. S4a) rapidly transports to dodecane as the peaks
derived from ethanol were observed in 5 min. While ethanol
showed retarded extraction in the presence of water (Fig. S4b)
and no apparent peaks derived from ethanol were observed
even aer 24 h. The result suggests that water in the aqueous
phase control the speed of ethanol extraction to oil phase. We
can conclude that the successful formation of porous aluminate
microbeads in the case of dodecane is due to relatively slow and
homogenous extraction of ethanol thanks to partition of
ethanol between water and dodecane.

Conclusions

Porous aluminate microbeads have been successfully synthe-
sized from emulsion droplets containing nanoparticle with an
average diameter of 5.8 nm under the optimized conditions.
The microbeads had a particle size with an average diameter of
7.5 mm andmicropores with an average diameter of 1.8 nm. The
microbeads showed microporosity showing a high specic
surface area of 430 m2 g−1. The mechanism of microbead
formation was elucidated. Extraction of ethanol from aqueous
droplets to surrounding oil phase drives the formation of
microbeads in the current process. When dodecane is used as
the oil phase, the interaction between water and ethanol regu-
lates the rate of ethanol extraction to a moderate level. The
partition of ethanol between water and dodecane also allows for
relatively slow and homogeneous extraction of ethanol. The
concept demonstrated in this study provides a potential plat-
form for the synthesis of porous microbeads across various
inorganic systems starting from similar nanoparticle
dispersions.
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