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Introduction

Efficient and sustainable preparation of fine
particles by a bubble-assisted freeze-dissolving
method+

Qiutong Zhang, (22 Jiagi Luo, 2 ® Yingchen Wang, {2 ® Wenhao Yan,?
Mingting Yuan,? Yimin Jia,® Qiushuo Yu,*@ Xinyue Zhai, Yuan Zou® and
Huaiyu Yang (2 *P

The development of fine particles has enabled innovative solutions across energy, environmental, and
biomedical applications, driving the demand for cleaner, more efficient, and environmentally friendly syn-
thesis methods. In this study, we present a freeze-dissolving approach as a sustainable and energy-
efficient alternative to conventional freeze-drying for the preparation of KHCO3z and NH4H,PO, fine par-
ticles. By dripping aqueous solutions of KHCOz or NH4H,PO, into liquid nitrogen, ice-templated particles
were rapidly formed and these ice particles were subsequently dissolved in ethanol below 273.15 K. As the
ice quickly dissolved in ethanol, the fine particles formed within the ice templates were released into the
solution and collected for characterization, including size distribution analysis, SEM imaging, and powder
XRD. Compared with freeze-drying, the freeze-dissolving method yields significantly smaller particles
while reducing energy consumption by 99%. Moreover, the first-time introduction of air bubbles during
the freeze-dissolving step further reduces particle size and substantially limits agglomeration. This
bubble-assisted freeze-dissolving technique proves more effective than non-bubbled methods across a
range of initial solute concentrations and ice particle sizes, highlighting its potential as a scalable and
eco-conscious strategy for fine particle production.

capability makes them highly valuable in fields such as
environmental purification and sensor development. For

Fine particles typically possess a large specific surface area,
which holds great significance in scientific research and
industrial applications.’™ As the particle size decreases, the
surface energy of fine particles correspondingly increases.*”
This increase not only intensifies the surface-related
catalytic®” and adsorption® effects but may also alter the elec-
tronic structure of the material and the intermolecular
interactions.*'® Fine particles can be employed in catalytic
processes as they offer an extensive surface area to facilitate
chemical reactions.'*™® Furthermore, their high adsorption
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instance, a study reported the adsorption behavior of superfine
powdered activated carbon (SPAC) on typical precursors of
nitrosodimethylamine (NDMA), underscoring how reducing
particle size significantly enhances adsorption efficiency.'*
Research also investigated the adsorption site accessibility of
SPAC incorporated into electrospun polystyrene fibers, reveal-
ing that integrating SPAC into fibers is an effective method for
applications like water treatment and gas adsorption.’> An
embedded nano-spin sensor was developed for in situ detection
of gas adsorption within porous organic frameworks.'® Micro-
and nanoscale metal particles may exhibit unique optical or
magnetic properties, which could be potentially applied in
medical imaging and data storage technologies."”'® Moreover,
the small size effect and quantum size effect can lead to the
physical properties of fine particles, such as electrical pro-
perties,'® thermal properties,> and melting point,>" differing
markedly from those of macroscopic materials. This opens new
research directions in materials science. These unique pro-
perties of fine particles make them play a crucial role in research
related to chemical production. Precisely controlling the size,

This journal is © The Royal Society of Chemistry 2025
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shape and composition of particles enables researchers to
design a new generation of functional materials to address
current and future technological challenges and meet the
demands of increasingly demanding applications.

In agriculture, the high specific surface area and dispersi-
bility of fine particles enhance fertilizer efficiency. Fine par-
ticles of NH,H,PO, have been applied and investigated for
their fertilizer effect.* The smaller NH,H,PO, particles signifi-
cantly enhance fertilizer efficiency. Fine particles have a higher
specific surface area, increasing contact probability with plant
roots. This accelerates nutrient release, ensures more uniform
distribution, and allows plants to absorb key nutrients like
nitrogen and phosphorus more efficiently. In the food industry
and animal husbandry, the good dispersibility and flowability
of fine particles improve production efficiency and product
quality. In fire-extinguishing applications, small KHCO; par-
ticles from B-FDas show higher efficiency. They quickly cover
fire sources and efficiently release fire-extinguishing gases.
The smaller KHCO; particles increase decomposition rates
and fire-extinguishing efficiency.>?

The freeze-dissolving in antisolvent (FDas) method>*° has
been used to produce nano- and micro-particles. The method
involved dropwise addition of a solution of KHCO; into liquid
nitrogen to form spherical ice particles. Subsequently, the ice
scaffolds were rapidly dissolved in a cryogenically jacketed
beaker with magnetic stirring using a dose of antisolvent
ethanol corresponding to five to seven times the KHCOj; solu-
tion, and the fine particles were recovered by filtration. Many
technologies have been utilized to produce fine particles, such
as ball milling, chemical precipitation, and sol-gel methods.
Ball milling achieves fine particle sizes through mechanical
grinding. However, it may introduce impurities and lead to
irregular particle shapes.”’° Chemical precipitation forms
particles via chemical reactions in solution. However, it
demands strict control of reaction conditions and often results
in particles with a broad size distribution.?*> The sol-gel
method involves transitioning a solution into a gel to create
particles, but it is rather complex and time-consuming.**~°
The FDas method had a quicker dissolving rate, a smaller
equipment footprint, and produced fine particles with better
dispersion than conventional freeze-drying (FDry). However,
under many conditions, it is still challenging to produce par-
ticles below 10 pm and aggregation between particles still
needs to be improved.

In this work, we developed a novel method, bubble-assisted
freeze-dissolving in antisolvent (B-FDas), which involves the
introduction of continuous air bubbles during the freeze-dis-
solving process. This advanced technique produced smaller
fine particles with less agglomeration in both the KHCO; and
NH,H,PO, systems. The study encompassed various initial
concentrations ranging from 0.02 g g " to 0.10 g g ' and
frozen ice particle volumes varying from 0.01 to 0.08 cm®. The
resulting products were characterized using powder XRD and
SEM. The size distributions were determined. Furthermore,
the mechanisms and effects of air bubbles during the freeze-
dissolving process were discussed.

This journal is © The Royal Society of Chemistry 2025
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Experimental section
Materials

Potassium bicarbonate (KHCO;) was purchased from Tianjin
Baishi Chemical Co., Ltd (purity > 99.5%). Ethanol was pur-
chased from Tianjin Damao Chemical Reagent Factory (purity
> 99.7%). Liquid nitrogen with purity > 99.8% was purchased
from Xi’an Aier Industrial Gas Co., Ltd (China). Ammonium
dihydrogen phosphate (NH,H,PO,) was purchased from
Tianjin Damao Chemical Reagent Factory (purity > 99%). All
chemicals were used without further purification. In the whole
measurement process, distilled deionized water (conductivity
less than 0.5 uS cm™") produced in our laboratory was used.

Formation of frozen spherical particles

Aqueous solutions of KHCO; were prepared by dissolving
0.2 g, 0.5 g and 1.0 g of KHCO; in 10 g of water at 295.15 K.
KHCO; frozen spherical particles with an average volume of
0.04 cm® were produced by adding these solutions dropwise
into a holding vessel containing approximately 10 mL of liquid
nitrogen using a pipette. An aqueous KHCO; solution with a
concentration of 0.02 g ¢~ " was prepared and added it drop-
wise into liquid nitrogen using different sized pipettes to
produce KHCO; frozen spherical particles with average
volumes of 0.06 cm® and 0.08 cm?, respectively. Following the
same procedure, aqueous solutions of NH,H,PO, were pre-
pared by dissolving NH,H,PO, in 10 g of water at the same
room temperature at concentrations of 0.02 g g_l, 0.06 g g_1
and 0.10 g g7, respectively. Frozen spherical NH,H,PO, par-
ticles were produced with an average volume of about
0.04 cm®. With 0.02 g ¢~* NH,H,PO,, 0.01 cm® and 0.04 cm’
frozen ice spherical particles were obtained.

Production of fine particles

B-FDas (bubble-assisted freeze-dissolving in antisolvent), FDas
(freeze-dissolving in antisolvent) and FDry (freeze-drying) were
applied to obtain particles of KHCO; and NH,H,PO,, as
shown in Fig. 1. The frozen spherical ice particles of KHCO; or
NH,H,PO, were added to the antisolvent ethanol (mass ratio of
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FDas Filtration
———
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Low Temperature Freeze-Dryer

Fig. 1 Schematic diagram of the experimental setup and experimental
procedure for B-FDas, FDas and FDry.
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inorganic aqueous solution to ethanol: 1:7) in a jacketed
beaker with continuous stirring at 400 rpm. The jacketed beaker
was placed in a cold-water bath at 253.15 K. For the B-FDas
method, air bubbles with a diameter of about 900 pm were
injected into the solution at a flow rate of 1 L min~*. The temp-
erature of air bubbles was room temperature and approximately
295.15 K. After the ice framework was completely dissolved, the
particles were collected after filtration. The different sizes of the
frozen spherical particles were used following the same pro-
cedure. For the FDry method, the frozen particles were placed in
a freeze dryer (FD-1A-50, Beijing Biocon Scientific Instrument
Co., Ltd) under freeze temperature and vacuumed conditions
until all water molecules sublimated and the particles of KHCO;
and NH,H,PO, were collected.

Dissolving air bubbles

Frozen spherical particles of KHCO; at a concentration of
0.08 g g7' and a volume of 0.04 cm® were used to produce
small particles by FDry, and then the product particles were
divided into three groups. One group was kept sealed as the
original sample and the other two groups were immersed in a
mixture of water and ethanol and subjected to stirring with air
bubbles and without. The mass ratio of the sample fine par-
ticles, water, and ethanol was 0.08:1:7. The mixing time was
always controlled to be 30 seconds and the mixing speed to be
400 rpm for both groups to maintain consistency. After this,
the products were collected after filtration.

Characterization

About 0.5 g of product particles were added to 20 mL of
ethanol with ultrasonic treatment for 10 minutes. The size dis-
tributions of the samples were determined using a Mastersizer
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2000 (Malvern). The measurement of each sample was
repeated three times and the data provided in the text below
represent the equivalent spherical diameter.

The dried product pellets were fixedly placed on the sample
stage of the SEM and properly mounted. A scanning electron
microscope (TM3000, Hitachi High Technologies Co., Ltd,
Japan) was activated to calibrate the relevant parameters to
ensure the clarity and accuracy of the images, and the quality
and level of detail of the images were controlled by adjusting
the scanning speed and scanning range of the electron micro-
scope. The acquired images were processed and analyzed to
obtain clearer and more accurate images.

The product samples were ground, pressed and coated to obtain
a flat and homogeneous sample surface. The samples prepared
were placed in the sample holder of the XRD instrument and a
SmartLab powder diffractometer with radiation (1.5406 A) was used
to determine the powder X-ray diffraction of the product samples.

The crystallinity (X¢) of the product samples was evaluated
by analysing the XRD patterns using Origin software following
eqn (1).

Ac

Xo=—2
€T A+ 4,

(1)

where A¢ represents the area of crystalline diffraction peaks in
the XRD pattern and A, represents the area of amorphous (or
non-crystalline) scattering in the XRD pattern.

Results and discussion
Influences of different sizes of frozen spherical particles

As illustrated in Fig. 2, a comparison of the particle size distri-
butions for fine particles prepared using three different
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In the three methods (B-FDas, FDas?® and FDry?®), at a concentration of 0.02 g g™, the particle size distribution of KHCOs-frozen spherical

particles has three different average volumes: (a-1) 0.04 cm?, (a-2) 0.06 cm® and (a-3) 0.08 cm?; the particle size distribution of NH4H,PO4-frozen
spherical particles has different average volumes: (b-1) 0.01 cm® and (b-2) 0.04 cm®.
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methods reveals that the B-FDas method produces signifi-
cantly smaller particle size distributions compared to the FDas
and FDry methods across all three frozen spherical particle
sizes. This trend is consistent for both the KHCO; and
NH,H,PO, systems. The results indicate that the introduction
of gas bubbles effectively contributes to reducing particle size.

Table 1 shows the KHCO; particles obtained by the B-FDas
method, which consistently produces significantly smaller
average particle sizes across all three frozen spherical particle
volumes. With frozen particles of 0.04 cm?, the average size of
the final products is 10.20 + 0.63 pm with B-FDas, compared
to 24.70 + 0.55 pm with FDas and 101.40 + 0.84 pm with FDry.
When the frozen particle size is increased to 0.08 cm?®, B-FDas
leads to smaller particle sizes (13.11 + 0.89 pm) compared with
particles obtained with FDas (15.85 + 0.99 pm) and particles
obtained with FDry (103.61 + 2.41 pm). A similar trend is
observed with NH,H,PO, particles, where B-FDas consistently
leads to smaller sizes; for examplewhen the frozen particle size
is increased to 0.04 cm®, the average size of the products is
13.67 + 0.73 pm with B-FDas compared to 20.87 + 0.94 pm
with FDas and 25.25 + 1.07 pm with FDry.

Table 1 shows that despite the increase in the volume of
KHCO; frozen ice particle sizes from 0.04 cm? to 0.08 cm?, the
average size of fine particles prepared by the B-FDas method
remains stable at approximately 10 pm. Nevertheless, it is
notable that the average sizes of fine particles obtained with
both the FDas and FDry methods are larger than that obtained
with the B-FDas method. In the KHCO; system, the average
particle sizes of the small particles obtained by the FDry
method are all approximately 100 pm, which is significantly
larger than the particles obtained with the B-FDas method.
The fine particles of KHCO; and NH,H,PO, obtained by the
B-FDas method have a uniform particle size distribution,
proved by relatively small span values under all the conditions.
For KHCO;, fine particles with frozen particle volumes of
0.04 cm?®, 0.06 cm®, and 0.08 cm?® have span values of 2.03,
1.98, and 1.90, respectively. For NH,H,PO,, fine particles with
frozen particle volumes of 0.01 cm® and 0.04 cm® have span
values of 1.84 and 1.95, respectively. The fine particles
obtained by the FDas and FDry methods have similar span
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values to those obtained by B-FDas, because the average size of
D50 is larger. Compared with the values of D90-D10, the fine
particles obtained by B-FDas are smaller than those obtained
by the FDas and FDry methods.

Fig. 3 and 4 show the SEM images of KHCO; and
NH,H,PO, fine particles. Particles obtained with B-FDas have
less agglomeration. It is noted that the morphology of KHCO;
particles obtained by FDas and FDry in this work is consistent
with those in previous reports.>® Fig. 3 shows that KHCO; par-
ticles obtained by the B-FDas method are much smaller particles
compared to those obtained with the other two techniques. The
particles produced by B-FDas have a regular morphology with
minimal aggregation. In contrast, particles prepared by the FDas
and FDry methods exhibit significant aggregation. KHCO; par-
ticles obtained by the FDry method show irregularly shapes with
extensive aggregation. Fig. 4 shows that NH,H,PO, particles
obtained by the B-FDas method have a more consistent and
regular morphology, while those obtained by the FDas and FDry
methods result in larger and heavily aggregated particles.

The XRD patterns in Fig. 5 show that the KHCO; and
NH,H,PO, fine particles obtained with all three methods,
B-FDas, FDas and FDry, as well as raw materials, had good
crystalline structures. We can observe that although three
different methods were used to obtain fine particles, their
XRD images showed a high degree of consistency. The diffrac-
tion peaks of each group of samples can correspond to each
other, which shows that the obtained KHCO; and NH,H,PO,
fine particles maintained the same phase in the crystal struc-
ture regardless of whether they are obtained by the B-FDas,
FDas or FDry method. The crystallinity values of the samples
based on eqn (1) for the KHCO; products obtained by the
B-FDas, FDas, and FDry methods and that of the raw material
were 0.78, 0.77, 0.78, and 0.79, respectively. The crystallinity
values of NH,H,PO, products obtained by the B-FDas, FDas,
and FDry methods and that of the raw material were 0.82,
0.81, 0.83, and 0.85, respectively. All products, as well as raw
materials, had high crystallinity. These results not only
confirm the reliability of the preparation method, but also
demonstrate that the introduction of gas bubbles did not alter
the crystal structure of the material.

Table 1 Average particle size of fine particles obtained by B-FDas, FDas and FDry for different sizes of frozen spherical particles

Frozen ice particle size 0.04 cm®

0.06 cm® 0.08 cm®

KHCO;

B-FDas 10.20 + 0.63 (2.03)
FDas 24.70 + 0.55 (1.44)"
FDry 101.40 + 0.84 (2.79)*

Average particle size + standard deviation (span/pm)

10.96 + 0.79 (1.98)
13.25 + 0.85 (2.17)
93.94 + 2.56 (1.36)

13.11 + 0.89 (1.90)
15.85 + 0.99 (1.69)
103.61 + 2.41 (1.61)

Frozen ice particle size

0.01 cm?

0.04 cm®

NH,H,PO,
B-FDas
FDas

FDry

Average particle size + standard deviation (span/pm)
14.94 + 0.77 (1.84)
19.00 + 0.87 (1.98)
21.23 + 0.95 (1.87)

13.67 + 0.73 (1.95)
20.87 + 0.94 (1.80)
25.25 + 1.07 (1.88)

“KHCO; was obtained using both FDas and FDry methods.?® For both KHCO; and NH,H,PO,, the concentration at various volumes was main-

tained at 0.02 g g~ Span = (D90 — D10)/D50.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 SEM images of KHCOs crystalline particles obtained by the B-FDas (left), FDas (middle) and FDry (right) methods from the frozen spherical
particles with average sizes of 0.04 cm?® (top), 0.06 cm?® (middle) and 0.08 cm® (bottom). Scale bar: 10 um.

Fig. 4 SEM images of NH4H,PO, crystalline particles obtained by the B-FDas (left), FDas (middle) and FDry (right) methods from the frozen spheri-
cal particles with average sizes of 0.01 cm® (top) and 0.04 cm?® (bottom). Scale bar: 10 pm.

Influences of different concentrations of the solution

Fig. 6 shows that the products obtained with the B-FDas
method are smaller under all conditions. The particle size
increases as the concentration of solution increases. The par-
ticles obtained with FDas and FDry are larger, especially at

20182 | Nanoscale, 2025, 17, 20178-20189

higher concentrations of solution for preparing the frozen
particles.

Table 2 shows that the particles obtained by B-FDas have
the smallest average particle sizes for both KHCO; and
NH,H,PO, systems, ranging from 10.20 + 0.63 pm to 13.64 *
0.72 pm for KHCOj;, compared to those with much larger sizes

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Powder X-ray diffraction patterns (a) KHCOs and (b) NH4H,PO,4
for the raw material and the product particles obtained by the B-FDas,
FDas, and FDry methods. The product particles were obtained from
frozen ice particles with a volume of 0.04 cm® in 0.02 g g™ solution.
SEM images of the raw materials of (c) KHCOs and (d) NH4H,PO,. Scale
bar: 1 mm.

obtained with FDas and FDry, which can reach up to 148.40 +
1.02 pm. As the concentration of NH,H,PO, solution increases,
the particles produced by the B-FDas method become smaller
and more uniform, with the particle size increasing from
13.67 + 0.73 pm with a solution of 0.02 g g~* concentration to
18.10 + 0.87 pm with a solution of 0.10 g g~ concentration.
The particles produced by the FDas method show an increase
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in particle size as the concentration increased, increasing
from 20.87 + 0.94 pm at a concentration of 0.02 g g~* to
24.31 + 0.95 pm at a concentration of 0.10 g g_l.
Furthermore, the particles produced by the FDry method are
larger, with a maximum size of 68.27 + 1.62 um. The particles
produced by the B-FDas method had a higher proportion of
smaller particles.

Under various concentration conditions, the span values of
the products obtained by the B-FDas method remain similar.
In the KHCO; system, when the solution concentration
increased from 0.02 g g”* to 0.10 g g ', the span values of the
fine products obtained by the B-FDas method are in the range
of 2.03-2.24. The span values of the fine products obtained by
the FDas and FDry methods are in the ranges of 1.44-1.89 and
2.11-2.79, respectively. In the NH,H,PO, system, the span
values of all fine products are in the range of 1.7-2.0 and the
average size of the fine products obtained by the B-FDas
method is the smallest, followed by the products obtained by
the FDas and FDry methods.

Fig. 7 and 8 show that the KHCO; and NH,H,PO, particles
prepared by B-FDas have more regular shapes. In contrast, the
particles prepared by FDas have more irregular shapes with
heavier agglomeration. This may be because the presence of
air bubbles reduces the contact between particles, thus redu-
cing the possibility of agglomeration. In contrast, particles
obtained with FDry are the largest with the heaviest agglomera-
tion. Less agglomeration of the particles obtained with the
B-FDas method could improve flowability.

The SEM images show that the morphologies of the fine
particles are different for KHCO; and NH,H,PO, in a similar
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Fig. 6 The particle size distribution of KHCOs3 fine particles obtained by the three methods at three concentrations: (a-1) 0.02 (the same as Fig. 2(a-
1)), (a-2) 0.05, and (a-3) 0.10 g g~ The particle size distribution of NH4H,PO, fine particles obtained by the three methods at three concentrations:
(b-1) 0.02 (the same as Fig. 2(b-1)), (b-2) 0.06, and (b-3) 0.10 g g~*. The volumes of both types of particles at various concentrations were 0.04 cm>.

*FDas and FDry of KHCO5.2®

This journal is © The Royal Society of Chemistry 2025
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Table 2 Average particle size of fine particles obtained by B-FDas, FDas and FDry for different concentrations of frozen spherical particles

Concentration 0.02gg™" 0.05gg™" 0.10gg™"

KHCO; Average particle size + standard deviation (span/pm)

B-FDas 10.20 + 0.63 (2.03) 11.21 + 0.63 (2.19) 13.64 + 0.72 (2.24)
FDas 24.70 £ 0.55 (1.44)" 55.80 + 0.74 (1.89)° 143.59 +1.09 (1.77)"
FDry 101.40 + 0.84 (2.79)* 148.40 + 1.02 (2.21)* 146.20 + 1.46 (2.11)*
Concentration 0.02 g g’1 0.06 g g’1 0.10 g g’1
NH,H,PO, Average particle size + standard deviation (span/pm)

B-FDas 13.67 + 0.73 (1.95) 17.69 + 0.88 (1.75) 18.10 + 0.87 (1.73)
FDas 20.87 + 0.94 (1.80) 22.60 + 0.99 (1.74) 24.31 +0.95 (1.81)
FDry 25.25 + 1.07 (1.88) 28.90 + 1.00 (1.88) 68.27 + 1.62 (1.93)

“FDas and FDry of KHCOj;.”® The volumes of the two particles at various concentrations were both 0.04 cm®. Span = (D90 — D10)/D50.

Fig. 7 The SEM images of KHCOs crystalline microparticles prepared
with B-FDas (left), FDas (center), and FDry (right) using frozen spherical
particles at concentrations of 0.02 g g~* (first row), 0.05 g g™* (second
row), 0.08 g g~* (third row), and 0.10 g g™ (fourth row), respectively.
The volume of the prepared frozen spherical particles was 0.04 cm?.
Scale bar: 10 pm.

range of supersaturation with the same freeze dissolving
process, which were determined by the properties of materials
and compounds. Besides, as the fine particles were formed
during the freezing process, the morphology of the particles
will be dependent on supersaturation. With higher supersa-
turation, resulting from a faster freezing rate, smaller droplet
volume or higher concentration in the droplet solution, the
particles tended to be smaller or to be needle-shaped. The dis-
solving process would also influence the morphology, but the
effect was much more limited than the freezing process. The
dissolving process could lead to the dissolution of some of the
very tiny particles or breakage of the needle crystals by air
bubbles inside the solution.

20184 | Nanoscale, 2025, 17, 20178-20189

Function of gas bubbles in freeze dissolving

With air bubbles during the whole dissolving process (0 min-
5 min), the KHCOj; particles, as shown in Fig. 9a, are obviously
smaller than those obtained without air bubbles, shown in
Fig. 9b. The particles obtained with air bubbles during the first
half and second half processes are shown in Fig. 9c and d. With
air bubbles during the first half of the dissolving process
(0 min-2.5 min), the particles are like the products obtained
without air bubbles, as shown in Fig. 9a. With air bubbles
during the second half of the dissolving process (2.5 min-
5 min), the products obtained are like the products obtained
with air bubbles during the whole process, as shown in Fig. 9d.
The average sizes of these conditions are in the order of par-
ticles obtained without air bubbles > particles obtained with air
bubbles during 0 min-2. 5 min > particles obtained with air
bubbles during 2.5 min-5 min > particles obtained with air
bubbles during 0 min-5 min. Therefore, the air bubbles applied
in both the first half dissolving process and the second half dis-
solving process have led to a decrease in the particle size.
During the dissolving process, the presence of air bubbles
in the solution led to the formation of smaller particles com-
pared to conditions without bubbles. This size reduction is
attributed to the cavitation effects generated by air bubbles,
which enhance particle breakage and accelerate the dis-
solution rate.>® The fragmentation of tiny ice parts from the
larger frozen particles facilitates faster dissolution of both the
fragments and the bulk frozen mass. Moreover, the dynamics
of air bubbles, such as attachment, detachment, and collapse,
could induce shaking, rotation or other movements of the
frozen particles.’”*® These movements would further enhance
mass transfer between the frozen particles and the surround-
ing solvent, contributing to an increased dissolution rate.
Although a similar duration of air bubble presence appears
to have a consistent accelerating effect on dissolution, the
results shown in Fig. 9 reveal that air bubbles introduced
during the later stage of dissolution have a more pronounced
impact than those introduced at the initial stage. This suggests
an additional mechanism. We propose that beyond promoting
ice dissolution, cavitation may also induce fragmentation of
the product crystals, particularly in the case of needle-shaped

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 The SEM images of NH4H,PO, crystalline microparticles prepared with B-FDas (left), FDas (center), and FDry (right) using frozen spherical
particles at concentrations of 0.02 g g™* (first row), 0.06 g g™* (second row), and 0.10 g g~* (third row), respectively. The volume of the prepared

frozen spherical particles was 0.04 cm®. Scale bar: 10 um.

Fig. 9 KHCOg3 particles obtained with (a) FDas and (b) B-FDas with air
bubbles for 0 min—5 min, (c) with air bubbles only in 0 min—-2.5 min and
(d) with air bubbles only in 2.5 min—5 min during the dissolving process.
The concentration of the KHCOj3 solution used was 0.02 g g~* and the
average volume of the frozen spherical particles was 0.06 cm?®. Scale
bar: 10 ym.

particles. The addition of air bubbles leads to a further
decrease in the product crystal size in the later stage when
most of the product crystals out of the frozen particles sus-
pended in the solution. In contrast, during the initial stage,
the effect was less obvious due to the limited number of
product crystals released from the frozen particles in the solu-
tion (Fig. 10).

Yield and energy consumption

The yield of the B-FDas method is very high. For example, a
0.10 ¢ g~' NH4H,PO, solution was prepared and 10 g of the

This journal is © The Royal Society of Chemistry 2025

solution was frozen in liquid nitrogen to form frozen ice par-
ticles. When these frozen particles were added to 70 g of
ethanol at —20 °C, the ice parts in the frozen particles were dis-
solved in the ethanol. After dissolving all the ice parts, the
solution because a water and ethanol mixture, with a water
and ethanol ratio of about 1:7. At —20 °C, the solubility of
NH,H,PO, in the mixture solution was very low, with a value
of 107 g g~'. With only about 1% of NH4H,PO, dissolved in
the process, about 99% of NH,H,PO, remained in the solu-
tion, which could be collected after filtration.

Fig. 11 shows the energy consumption, estimated on the
lab scale with consideration of relevant factors, including the
entire process of liquid nitrogen production, transportation,
and storage, as well as small particle preparation and ethanol
recycling. Liquid nitrogen production relies on air separation
technology; during transportation and storage, about 15% of
the total energy is consumed due to heat transfer and evapor-
ation. In this study, the first step for all three methods is the
same: forming frozen spherical particles by dripping KHCO;
and NH4H,PO, solutions into liquid nitrogen. At a tempera-
ture of 295.15 K, approximately 60 g of liquid nitrogen was
required to prepare 10 g of KHCO; solution. Approximately
30.8 KJ of energy is required to produce ice particles. However,
the actual amount of liquid nitrogen needed under ideal con-
ditions can be much less than the amount consumed during
the experiment per unit weight of products.

The FDry method involved placing the frozen particles into
a freeze-dryer, which required continuous operation of both a
vacuum pump and a compressor under low-temperature
vacuum conditions for 24 h. This setup resulted in substantial
electricity consumption, with the vacuum pump operating at
400 W and the compressor at 100 W for a total duration of
1440 minutes. In contrast, the FDas and B-FDas methods fol-
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Fig. 10 Proposed mechanisms of freeze dissolving with and without air bubbles.
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Fig. 11 Comparison of energy and time consumption of the three
methods, B-FDas, FDas and FDry. The bar graph depicts energy con-
sumption and the line graph represents the time utilized.

lowed a more energy-efficient three-step process: anti-solvent
decomposition, filtration to separate the product, and drying.
The FDas method required 15 minutes of operation for a water
bath compressor at 200 W, 5 minutes for a filtration pump at
200 W, and 5 minutes for a drying oven at 500 W. The B-FDas
method, while incorporating an additional bubble air pump
operating at 5 W for 10 minutes, significantly reduced the
time required for the anti-solvent decomposition stage, further
minimizing energy consumption. The energy consumption of
recycling of ethanol and production and transport of liquid
nitrogen has been considered.’®™*' Liquid nitrogen can be pro-
duced via air separation technology, which is essential for all
three technologies. The ethanol, used as an anti-solvent for
only freeze dissolving technologies, can be recovered through
distillation. A comparative calculation of energy consumption

20186 | Nanoscale, 2025, 17, 20178-20189

(Table S1 in the ESIt) reveals that the total energy consump-
tion for FDry was 43 230.8 kJ, significantly higher than the
769.6 k] consumed by FDas and the 712.6 kJ required by
B-FDas. If the energy consumption for ethanol recovery is
excluded, the energy consumption of B-FDas further drops to
363.8 kJ, accounting for less than 1% of that of FDry. These
results highlight the energy-intensive nature of the FDry
method compared to the more efficient FDas and B-FDas
methods. Among them, the B-FDas method proved to be the
most energy-efficient, attributed to its shorter processing
times and the minimal energy requirements of the bubble
generation unit. These findings demonstrate the potential of
B-FDas as a remarkably efficient and sustainable approach for
fine particle preparation.

The B-FDas method represents a sustainable and efficient
approach for producing fine particles. For further scaling up, a
large quantity of spherical ice particles will be produced in the
first step. Spraying with a suitable nozzle will be required to
control the droplet size during injection into liquid nitrogen.
It would be valuable to explore the applicability of this techno-
logy to other systems, such as in the fields of medicine and
catalysis, where the production of particles at the nanometer
scale is often required.””™*> To apply this technology for produ-
cing nano-particles of target chemicals, including inorganic
and organic compounds,’®”’ two compatible solvents are
required. One solvent has high solubility for the target product
and it should have a relatively high freezing point. The other
one is an anti-solvent with low solubility for the target product
and a lower freezing point than the first solvent. The process
involves freezing the solution of the target chemicals in the
first solvent to form frozen particles. Then the frozen particles
are dissolved in the anti-solvent at a controlled temperature

This journal is © The Royal Society of Chemistry 2025
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between the freezing points of the first solvent and the anti-
solvent. The frozen parts (frozen parts of the first solvent) in
the particles can dissolve and the nanosized product remains
dispersed in the anti-solvent.

In summary, this study introduces a novel B-FDas method
for micro-particle preparation, which demonstrates significant
advantages over the conventional FDry method. The B-FDas
method not only produces smaller particles and less agglom-
eration but also exhibits remarkably lower energy consumption
and a faster processing speed. Its applicability to both in-
organic and organic compounds highlights its potential for
widespread use in the preparation of micro- and nano-par-
ticles. The insights gained from this research pave the way for
more efficient and sustainable particle production techno-
logies. Other technologies for enhancing the mass transfer,
such as ultrasound and wet milling, could be further explored.

Conclusions

In this study, we developed an innovative technique with air
bubbles during the freeze-dissolving (B-FDas) process to
produce fine particles. Compared with the freeze-drying (FDry)
method, the particles obtained with B-FDas have a smaller size
and lighter agglomeration. The trend is consistent in both
KHCO; and NH,H,PO, systems, with frozen particles from
0.01 to 0.08 cm® and solution concentrations from 0.02 g g~
to 0.10 g g . Smaller microparticles are obtained with lower
solution concentration and smaller frozen particle volume
with the B-FDas method. The smallest microparticles of
KHCO; and NH,H,PO, obtained by the B-FDas method are
10.20 = 0.63 pm and 13.67 + 0.73 pm, respectively. The par-
ticles obtained by FDas are bigger and the particles obtained
by FDry are the largest under the same conditions. All the fine
particles show good crystalline structures, but the shape of the
particles obtained by B-FDas are usually more regular. The
energy consumption of B-FDas is less than 1% of the use by
FDry, while its processing speed is 100 times faster.
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