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HIGHLIGHTS

e Ultrasound-assisted negative pressure
crystallization of ammonium sulfate
solution.

e Yield increased by 27.64 g and direct
yield improved by 36.80% compared to
negative pressure crystallization.

o MSZW narrowed by 33%, solid-liquid
transition time shortened by 35.7%,
and solution viscosity reduced by 5.7%.

o Crystals with more uniform size, regular
morphology, and enhanced crystallinity
are obtained.
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ABSTRACT

Although negative pressure crystallization of ammonium sulfate can mitigate low yield and long processing time
in atmospheric pressure crystallization, it still faces challenges in enhancing crystallization efficiency and
achieving a uniform crystal size distribution. To address these issues, this study proposed an ultrasound-assisted
negative pressure crystallization technique. Under optimized conditions (pH = 7, 300 rpm, 80 °C, 45 min, 180 W,
0.03 MPa), the yield increased by 27.64 g and the direct yield improved by 36.80% compared with negative
pressure crystallization. XRD and FTIR confirmed that this process maintained the crystal structure of ammonium
sulfate while enhancing crystallinity. Mechanistic studies revealed that, compared with negative pressure crys-
tallization, the synergistic effect of ultrasound narrowed the metastable zone width (MSZW) by approximately
33%, lowering the nucleation energy barrier. Ultrasound cavitation generated numerous bubbles, providing
heterogeneous nucleation sites and localized supersaturation driving forces, which jointly accelerated nucleation
and reduced the solid-liquid transition time by 35.7%. Furthermore, compared with the negative pressure
crystallization system, the ultrasonic negative pressure crystallization reduced the solution viscosity by 5.7%,
enhancing mass transfer and crystal growth. Ultimately, ultrasound-assisted negative pressure crystallization
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produced crystals with more uniform size and more regular morphology, offering important theoretical insights
for improving ammonium sulfate crystallization processes.

1. Introduction

Ammonium sulfate ((NH4)2SO4), as an important chemical product,
has been widely applied in agriculture (Yan et al., 2024), rare earth
extraction (Wang et al., 2024), food processing (Edward et al., 2023),
battery materials (Qu et al., 2022), and resource recovery (Yang et al.,
2025), possessing significant value. Among the production methods of
ammonium sulfate, the ammonia-based flue gas desulfurization tech-
nology exhibits distinct environmental protection and resource utiliza-
tion advantages, as it converts sulfur dioxide in smelting flue gas into
ammonium sulfate product, achieving efficient utilization of sulfur re-
sources (Peng et al., 2024). The ammonia-based desulfurization process
mainly comprises the following steps: smelting flue gas enters the
desulfurization tower where it contacts and reacts with ammonia water
(the desulfurizing agent) to generate ammonium sulfite. Subsequently,
under the action of oxidants (such as concentrated sulfuric acid, oxygen,
or compressed air), ammonium sulfite is oxidized to ammonium sulfate
solution. Finally, ammonium sulfate solid product is obtained through
the crystallization process (Xu et al., 2024). Among these, the crystal-
lization process serves as a critical step controlling product particle size
and yield, exerting an important influence on the quality and application
performance of the final product.

Currently, industrial crystallization methods used for ammonium
sulfate include atmospheric evaporative crystallization (Peng et al.,
2024) and cooling crystallization (Shao et al., 2022). Although cooling
crystallization features relatively simple operation and low energy
consumption, it commonly suffers from problems such as uneven su-
persaturation distribution and insufficient crystallization driving force
due to limited heat transfer efficiency, leading to slow crystallization
rate, prolonged crystallization cycle, and low product yield. In contrast,
atmospheric evaporative crystallization maintains stable supersatura-
tion through continuous solvent evaporation, enabling relatively
continuous nucleation and growth, thereby significantly enhancing
product yield and production efficiency; consequently, it has become the
current mainstream process. However, the elevated operating temper-
ature intensifies molecular thermal motion, readily inducing secondary
nucleation and crystal fragmentation, which results in broadened par-
ticle size distribution and irregular crystal morphology. Moreover, the
high latent heat of evaporation entails considerable energy consump-
tion, indicating substantial room for improving crystallization effi-
ciency. To improve evaporative crystallization performance, industrial
processes often employ intensification methods such as seed addition or
negative pressure evaporation. Seed addition provides pre-existing
growth interfaces and reduces the nucleation free energy barrier,
thereby suppressing primary nucleation and directing crystal growth.
Nevertheless, the dosage and timing of seed addition must be precisely
aligned with the supersaturation evolution trajectory, resulting in an
extremely narrow operational window and significant challenges in in-
dustrial controllability. Negative pressure crystallization reduces the
boiling point of the solution by lowering the system pressure, enabling
solvent evaporation at lower temperatures, which offers benefits in en-
ergy saving and thermal-sensitive material protection. However, the
abrupt pressure drop frequently induces solvent flash evaporation,
causing a sharp surge in supersaturation within an extremely short
timeframe. This readily drives the system beyond the metastable zone,
triggering burst nucleation and generating excessive fine crystals
accompanied by severe agglomeration, ultimately leading to broad
particle size distribution, poor uniformity, and substantially increased
burden on subsequent filtration and drying operations. Therefore,
developing novel crystallization processes capable of overcoming the
limitations of existing technologies holds significant importance for
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achieving efficient cyclic utilization of sulfur resources in the
ammonia-based desulfurization process.

Ultrasound is a mechanical wave with frequency greater than
20 kHz, possessing unique mechanical effects, cavitation effects, etc.
(Devos et al., 2025; Ileri et al., 2015), and has been proven to effectively
intensify the crystallization process. Studies have shown that ultrasound
can effectively reduce diffusion resistance, enhance mass transfer, and
promote the formation of crystal nuclei. In atmospheric pressure crys-
tallization, it can increase nucleation rate, shorten solid-liquid transition
time, and make crystal particle size distribution more concentrated and
morphology more regular. For example, Zhong et al. (Zhong et al., 2022)
investigated the effect of ultrasound on the anti-solvent crystallization
kinetics of sucrose, finding that the introduction of ultrasound could
significantly increase the kinetic constant of nucleation rate from
9.76 x 10% to 8.38 x 10%. Hu et al. (Hu et al., 2006) introduced ultra-
sound into sucrose evaporative crystallization, discovering that while
reducing sugar solution viscosity, the heat transfer coefficient and
evaporation intensity increased by 42.4% and 15.2%, respectively. For
ammonium sulfate evaporative crystallization, our previous research
(Xu et al., 2024) indicated that under atmospheric pressure, the intro-
duction of ultrasound could shorten the solid-liquid transition time by
10%. Furthermore, ultrasound can also make crystal particle size dis-
tribution more uniform and crystal form more perfect. Dong et al. (2025)
studied the effect of ultrasound on the crystallization process of xylene,
finding that the introduction of ultrasound could increase crystal
roundness by 21.6%-27.7%, while reducing fractal dimension by
6.98%-11.2%. Mohod and Gogate (2018) compared conventional
crystallization with ultrasound-assisted crystallization, discovering that
ammonium sulfate crystals with smaller size, uniform particle size,
smooth surface, and regular edges could be obtained under ultrasound
action. These studies all demonstrate that ultrasound can effectively
intensify the nucleation and growth stages of the crystallization process,
improving product characteristics. Combining ultrasound with negative
pressure is expected to form complementary advantages, synergistically
solving problems such as low yield and broad particle size distribution
existing in current negative pressure crystallization. Preliminary studies
have shown that ultrasound-negative pressure coupling technology has
demonstrated potential in enhancing extraction efficiency and
improving particle size distribution in other fields. For instance, Min
et al. (2022) studied the extraction of paclitaxel from Taxus chinensis
under ultrasound-negative pressure conditions and found that, in only
3-8 min, paclitaxel yield could reach 94-100%. Li et al. (2022) inves-
tigated the effect of negative pressure combined with ultrasound treat-
ment on the fine structure of rice starch, discovering that the average
particle size of rice starch decreased and the distribution range nar-
rowed after treatment. This provides reference for ammonium sulfate
crystallization under ultrasound-assisted negative pressure.

Based on this, in response to the deficiencies of existing ammonium
sulfate negative pressure crystallization processes, including low prod-
uct yield, uneven particle size distribution, and irregular crystal
morphology, this study developed a novel ultrasound-assisted negative
pressure crystallization process. The effects of different reaction condi-
tions on ammonium sulfate crystallization yield and direct yield were
investigated, and process parameters were optimized. Through com-
parison with atmospheric evaporation, ultrasound-assisted atmospheric
evaporation, and negative pressure evaporation crystallization, the
mechanism of action of ultrasound-assisted negative pressure on the
ammonium sulfate crystallization process was elucidated, with the aim
of providing new directions for the upgrading of industrial crystalliza-
tion processes.
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2. Experimental
2.1. Materials and equipment

The ammonium sulfate used in this experiment was purchased from
Tianjin Zhiyuan Chemical Reagent Co., Ltd. (AR grade). Deionized water
(H20) used in the experiment was prepared by an ultrapure water sys-
tem. The ultrasound and stirring equipment selected was self-developed
by the Key Laboratory of Unconventional Metallurgy, Ministry of Edu-
cation, Kunming University of Science and Technology. The operating
frequency of the ultrasound equipment was fixed at 40 kHz, with ul-
trasonic waves emitted vertically upward from the bottom. The actual
power was controlled by adjusting the output power percentage, with a
maximum output of 300 W. The stirring speed ranged from 100 to
2000 rpm.

2.2. Experimental procedure

75 g of ammonium sulfate was dissolved in 110 mL deionized water
with continuous stirring until complete dissolution to prepare a satu-
rated ammonium sulfate solution simulating industrial concentration.
The solution was then transferred to a 250 mL three-neck round-bottom
flask and subjected to negative pressure (vacuum degree) evaporative
crystallization in an ultrasound reactor. The solution temperature was
monitored in real time by a PT100 sensor and maintained at the set value
using an MCH heating plate and a circulating water bath (accuracy

+0.5 °C). After reaching the predetermined crystallization time, the

reaction was terminated and the mixture was subjected to solid-liquid
separation. The obtained ammonium sulfate crystals were washed
with anhydrous ethanol to remove residual mother liquor on the surface,
dried at 65 °C for 12 h to obtain ammonium sulfate solid, weighed and
recorded for crystallization yield, and the direct yield was calculated
according to Eq. (1). Each experiment was repeated three times inde-
pendently. The samples were sealed and stored for subsequent use. The
experimental flowchart is shown in Fig. 1. All experiments were con-
ducted using a one-factor-at-a-time design, where each operational
parameter was varied individually while keeping others constant. These
experiments were performed under basic conditions (initial pH = 7) to
investigate the effects of key operating parameters including different
stirring speeds, temperatures, times, ultrasonic powers (set power), and
negative pressure intensities on ammonium sulfate yield and direct
yield, and to compare the differences between ultrasonic negative
pressure and sole negative pressure crystallization systems.

f:% x 100% )
0

where f is the direct yield, m; is the actual yield of ammonium sulfate
(g), and my, is the total mass of ammonium sulfate initially dissolved in
the solution (75 g).

Ammonium sulfate solution

Ultrasound-assisted vacuum evaporative crystallization
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In this study, the metastable zone of ammonium sulfate was deter-
mined by measuring its solubility and supersolubility. First, the solubi-
lity was measured using the isothermal dissolution equilibrium method.
At each target temperature, excess ammonium sulfate was added to
distilled water in batches until supersaturation was reached. After con-
stant temperature stirring for 30 min to achieve solid-liquid equilibrium,
a quantitative amount of saturated supernatant was taken, evaporated to
dryness, and weighed to calculate the solubility. The supersolubility was
determined under the same temperature system by applying constant
negative pressure to the saturated solution to promote solvent evapo-
ration. The solution was closely observed until crystal nuclei first
appeared, at which point the process was immediately stopped. The
amount of evaporated water was recorded to calculate the super-
solubility at that temperature. To investigate the effect under
ultrasound-negative pressure conditions, the bottom ultrasound was
turned on simultaneously with the application of negative pressure
(other operations remained consistent), and the supersolubility curve
under ultrasound conditions was determined. Finally, the metastable
zone width (MSZW) of the system was defined by the solubility and
supersolubility at the same temperature.

2.3. Analysis methods

The crystal structure and crystallinity of ammonium sulfate were
analyzed by an X-ray diffractometer (XRD, Rigaku Miniflex 600, Japan)
and Fourier transform infrared spectrometer (FTIR, Thermo Fisher Sci-
entific Nicolet iS20, USA). The crystallinity is calculated as the per-
centage of the integrated area of XRD crystalline diffraction peaks to the
total scattering area. The crystal morphology and particle size distri-
bution of ammonium sulfate were characterized by scanning electron
microscope (SEM, ZEISS Sigma 300, Germany) and laser particle size
analyzer (Mastersizer 2000, UK). The viscosity of ammonium sulfate
solution was measured by rotational viscometer (NDJ-9SE, China). The
effects of different conditions on crystal growth were observed using a
scanning electron microscope (SEM, ZEISS Sigma 300, Germany).

3. Results and discussions

3.1. Effect of ultrasonic negative pressure on ammonium sulfate
crystallization

3.1.1. Effect of stirring speed

Under the conditions of initial pH = 7, crystallization temperature of
80 °C, ultrasound time of 45 min, and negative pressure level of
0.03 MPa, the effects of different stirring speeds (0, 100, 200, 300, and
400 rpm) on the yield and direct yield of ammonium sulfate were
investigated for both sole negative pressure and ultrasonic (120 W)
negative pressure crystallization conditions. The results are shown in
Fig. 2.

With the increase of stirring speed, the crystallization yield and

Ammonium sulfate
crystals

Solid-liquid separation

Drying

Fig. 1. Schematic of the experimental procedure.
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Fig. 2. Effect of stirring speed on (a) crystallization yield and (b) direct yield of ammonium sulfate in ultrasonic negative pressure and sole negative pressure systems;
and product particle size distribution under ultrasonic negative pressure conditions at (c) 0 rpm, (d) 200 rpm, and (e) 300 rpm.

direct yield of ammonium sulfate under ultrasonic negative pressure
conditions showed a trend of first increasing and then decreasing, while
those in the sole negative pressure system increased monotonically.
Under ultrasonic negative pressure crystallization conditions, the crys-
tallization yield and direct yield continuously improved as the stirring
speed increased from O rpm to 300 rpm. Moderate intensification of
stirring enhances solution mixing and molecular collision, thereby
promoting the establishment of supersaturation, reducing nucleation
energy barrier, and accelerating nucleation rate (Zheng et al., 2023).
However, excessively high stirring speed induces multiple adverse ef-
fects. Specifically, intensified crystal-impeller collisions lead to crystal
wear and fragmentation, triggering secondary nucleation and partial
dissolution; disturbance of the ultrasonic field distribution weakens
cavitation intensity and diminishes the nucleation-promoting effect of
ultrasound; meanwhile, liquid splashing causes fine crystals to adhere to
the vessel wall above the liquid surface, reducing crystal nuclei in the
liquid phase (Mohod & Gogate, 2018). This combined effect inhibits the
crystallization process, and ultimately decreases the yield and direct
yield of ammonium sulfate. Therefore, when the stirring speed increased
to 400 rpm, the yield and direct yield of ammonium sulfate decreased. In
contrast, in the sole negative pressure crystallization system, due to the
lower mass transfer rate, the increase of stirring speed (within the range
investigated in this experiment) continuously improved the mixing ef-
fect, resulting in a monotonic upward trend of yield and direct yield of
ammonium sulfate.

In the ultrasonic negative pressure crystallization system, stirring
speed also had an important influence on product particle size distri-
bution. A moderately increased stirring speed enhances the mixing effect
of the crystallization system, inhibits local supersaturation phenomena,
and prevents the formation of large crystal particles, thereby yielding
products with smaller particle size and narrower distribution (Fig. 2
(c—e)). Under static conditions (0 rpm), uneven solute distribution led to
unbalanced nucleation sites and large differences in crystal grain size;
under lower stirring speed (200 rpm) conditions, problems such as un-
even local supersaturation distribution caused by insufficient solute
mixing still existed, resulting in broad particle size distribution and poor
convergence. In contrast, moderate stirring (300 rpm) reduced con-
centration gradients, inhibited particle aggregation, and decreased
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product particle size. Therefore, in the ultrasonic negative pressure
crystallization system, 300 rpm is selected as the optimal stirring speed.

3.1.2. Effect of temperature

Under the conditions of initial pH = 7, stirring speed of 300 rpm,
crystallization time of 45 min, and negative pressure level of 0.03 MPa,
the effects of different temperatures (50, 60, 70, 80, and 90 °C) on the
crystallization yield and direct yield of ammonium sulfate were inves-
tigated for both sole negative pressure and ultrasonic (120 W) negative
pressure crystallization conditions. The results are shown in Fig. 3.

Increasing temperature exhibited a positive promoting effect on both
the crystallization yield and direct yield in the two systems. Under ul-
trasonic negative pressure conditions, when the temperature increased
from 50 to 80 °C, the crystallization yield of ammonium sulfate
increased from 17.91 to 46.78 g, and the direct yield improved by
38.49%. The enhancement mechanism is as follows: first, the increase in
temperature directly elevates the supersaturation of the solution,
providing a key thermodynamic driving force for nucleation and crystal
growth. Second, rising temperature causes a decrease in liquid surface
tension and an increase in vapor pressure inside cavitation bubbles,
reducing the cavitation threshold and thereby facilitating bubble for-
mation (Wang et al., 2025). According to surface energy theory, the
gas-liquid interface can serve as a low-barrier nucleation site; mean-
while, the local hot spots generated by bubble collapse cause instanta-
neous solvent vaporization and a sudden increase in local
supersaturation, inducing primary nucleation (Vishwakarma & Gogate,
2017). Furthermore, the temperature increase directly affects the
amount of solvent evaporated. As shown in Fig. 3(c), the amount of
solvent evaporated within a fixed crystallization time of 45 min in-
creases sharply with temperature in both the negative pressure and ul-
trasonic negative pressure systems. Penha et al. (Penha et al., 2018)
demonstrated that for highly soluble inorganic salts, even a slight
evaporation of solvent can rapidly concentrate the solution, thereby
inducing substantial solute crystallization. The synergistic effect of the
above multiple mechanisms collectively achieved a significant increase
in the yield of ammonium sulfate. When the temperature further
increased to 90 °C, the crystallization yield of ultrasonic negative
pressure only increased by 2.53 g, and the direct yield only improved by
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Fig. 3. Effect of temperature on (a) crystallization yield, (b) direct yield of ammonium sulfate in ultrasonic negative pressure and sole negative pressure systems, and

(c) evaporated water amount at different temperatures.

3.38%, with the growth rate significantly weakening. When the tem-
perature exceeds 80 °C, the promoting effect of temperature on crys-
tallization tends to saturate. As the temperature rises, the saturated
vapor pressure of water increases significantly, reaching 31.2, 47.4, and
70.1 kPa at 70, 80, and 90 °C, respectively, with the increment from 80
to 90 °C being 1.4 times that from 70 to 80 °C. The rapid increase of
vapor pressure at high temperatures causes a large number of water
vapor molecules to diffuse into cavitation bubbles. Pei et al. (2025) re-
ported that over-expansion of the primary bubble reduces the local
pressure below the critical threshold for cavitation nucleation, thereby
inducing new small bubbles. These small bubbles coalesce with the
primary bubble, leading to surface destabilization and promoting bubble
fission, which further weakens the collapse intensity. Meanwhile, the
excessive number of cavitation bubbles becomes densely distributed,
forming cavitation clouds where mutual energy cancellation further
diminishes the overall cavitation effect (Xu et al., 2024). The balance
between the positive and negative effects occurs at 80 °C, and therefore
the crystallization effect is optimal at this temperature. This trend is
consistent with the temperature effect on nano-ZnO crystallization re-
ported by Guo et al. (2026), whose study also confirms that 80 °C rep-
resents the optimal balance between cavitation-assisted mass-transfer
enhancement and accelerated reaction kinetics. Considering marginal
benefit and energy consumption for heating comprehensively, 80 °C is
selected as the optimal crystallization temperature for ammonium sul-
fate under ultrasonic negative pressure.

In contrast, the yield and direct yield of the sole negative pressure
crystallization system also increased with rising temperature. This is
because in the negative pressure crystallization system, heating only
accelerates water evaporation by increasing the average kinetic energy
of molecules (Aquilanti et al., 2018) and reducing solution viscosity,
thereby slowly promoting the formation of supersaturation, resulting in
limited crystallization efficiency. Therefore, at the same temperatures,

the yield and direct yield were significantly lower than those of the ul-
trasonic negative pressure system.

3.1.3. Effect of time

Under the conditions of initial pH = 7, stirring speed of 300 rpm,
crystallization temperature of 80 °C, and negative pressure level of
0.03 MPa, the effects of different times (25, 35, 45, and 55 min) on the
crystallization yield and direct yield of ammonium sulfate were inves-
tigated for both sole negative pressure and ultrasonic (120 W) negative
pressure crystallization conditions. The results are shown in Fig. 4.

Extending the time improved the crystallization yield of both sys-
tems, but the ultrasonic negative pressure system exhibited higher
crystallization efficiency within the same time period. In the ultrasonic
negative pressure system, when the ultrasound time was short
(<35 min), the energy input was insufficient to overcome the crystalli-
zation energy barrier, and the cavitation effect failed to fully promote
nucleation and mass transfer, resulting in insufficient nucleation and
low yield (Xu et al., 2025). Extending the ultrasound time to 45 min
significantly enhanced the cavitation effect, continuously promoted
mass transfer and nucleation, and significantly increased the yield to
46.78 g. Further extension to 55 min only resulted in a slight increase of
1.64 g in yield and 2.19% in direct yield, indicating that the crystalli-
zation process was approaching equilibrium. Considering that exces-
sively long ultrasound time increases time costs and may cause excessive
fragmentation of ammonium sulfate particles due to strong ultrasonic
cavitation effects, leading to problems such as easy caking, poor flow-
ability, and increased powder loss in practical applications, 45 min is
selected as the optimal crystallization time. In the sole negative pressure
system, extending time could also increase crystallization amount by
continuously evaporating solvent to improve supersaturation, but its
growth rate was lower than that of the ultrasonic negative pressure
system. A comparison of the two systems revealed that the introduction
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Fig. 4. Effect of time on (a) crystallization yield and (b) direct yield of ammonium sulfate in ultrasonic negative pressure and sole negative pressure systems.
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of ultrasound significantly shortened the time required to achieve the
same yield and improved the efficiency of the crystallization process.

3.1.4. Effect of ultrasonic power

Under the conditions of initial pH = 7, stirring speed of 300 rpm,
crystallization temperature of 80 °C, ultrasound time of 45 min, and
negative pressure level of 0.03 MPa, the effects of different ultrasonic
powers (60, 120, 180, and 240 W) on the crystallization yield and direct
yield of ammonium sulfate were investigated under ultrasonic negative
pressure crystallization conditions. The results are shown in Fig. 5.

With the increase of ultrasonic power, the crystallization yield and
direct yield of ammonium sulfate showed a trend of initial increase
followed by a decrease. When the ultrasonic power increased from 60 to
180 W, crystallization yield rose from 29.23 to 53.18 g and the direct
yield increased from 38.97% to 70.91%. This was attributed to the fact
that higher power input induced stronger cavitation effects, high-speed
micro-jets, and shock waves, which effectively thinned the diffusion
boundary layer on the crystal surface, accelerated the transport of solute
to the crystal faces, and thereby enhanced the mass transfer process
(Yang et al., 2023). Furthermore, as the ultrasonic power increases, the
generation rate and number of cavitation bubbles increase significantly
(Gao et al., 2022; Seo & Lee, 2023). The gas-liquid interfaces of these
bubbles provide abundant heterogeneous nucleation sites, which lower
the critical nucleation energy barrier and thereby promote primary
nucleation (Zhao et al., 2023). Meanwhile, the intense micro-turbulence
and high-frequency vibrations generated by ultrasound can disrupt so-
lute molecular clusters and aggregates, increasing the number of free
solute molecules available for crystal growth (Song et al., 2023). These
synergistic effects collectively contribute to the remarkable enhance-
ment in crystallization yield and direct yield. However, further
increasing the ultrasonic power to 240 W resulted in a decrease in yield
to 30.43 g and direct yield to 40.57%. This was ascribed to the excessive
ultrasonic intensity, which induced intense turbulence and shear,
causing excessive fragmentation of crystals and generating a large
number of fine secondary nuclei. The newly generated fine crystals
competed with primary nuclei for solute, inhibiting crystal growth rate
and even causing partial re-dissolution of the already formed crystals,
ultimately leading to decreased yield (Wang et al., 2025). Therefore,
180 W is selected as the optimal condition.

3.1.5. Effect of negative pressure

Under the conditions of initial pH = 7, stirring speed of 300 rpm,
crystallization temperature of 80 °C, crystallization time of 45 min, and
ultrasonic power of 180 W, the effects of different negative pressure
intensities (0.01, 0.02, 0.03, and 0.04 MPa) on the crystallization yield
and direct yield of ammonium sulfate were investigated under ultrasonic
negative pressure crystallization conditions. The results are shown in
Fig. 6(a and b).

Particuology 115 (2026) 401-414

Negative pressure mainly enhanced the crystallization process by
lowering the boiling point of the solvent and accelerating evaporation,
exhibiting a synergistic effect with ultrasound. Under the same negative
pressure conditions, the introduction of ultrasound significantly
improved the crystallization yield and direct yield of ammonium sulfate
compared with sole negative pressure crystallization. When the negative
pressure level was increased from 0.01 to 0.03 MPa, under ultrasonic
negative pressure crystallization conditions, the crystallization yield
increased from 41.28 to 53.18 g, and the direct yield improved from
55.04% to 70.90%; while the maximum yield in the sole negative
pressure crystallization system was only 25.54 g with a direct yield of
34.1%. Regardless of whether ultrasound was applied, the enhancement
of negative pressure promoted efficient evaporation of the solution at
lower temperatures by reducing the boiling point of the solvent, accel-
erating supersaturation accumulation and shortening the nucleation
induction period (Kim et al., 2026). As shown in Fig. 6(c), under the
ultrasonic negative pressure condition, the amount of water evaporation
increased with increasing negative pressure, thereby providing a
stronger thermodynamic driving force for sustained crystal precipitation
and improving the crystallization yield and direct yield. However, when
the negative pressure exceeded 0.03 MPa, both the crystallization yield
and direct yield of the two systems exhibited a decreasing trend. This
was because excessively strong negative pressure caused overly rapid
solvent evaporation (Liu et al., 2024), causing the supersaturation of the
system to prematurely exceed the metastable zone, which readily
induced burst nucleation. Meanwhile, vigorous boiling reduced the
suspension stability of crystals, with some even being carried into the
evaporation zone or attached to the vessel wall, resulting in reduced
effective crystallization amount. Furthermore, excessively high negative
pressure caused overly rapid evaporation and substantial absorption of
latent heat, leading to a drop in solution temperature. This increased the
solution viscosity and inhibited crystal growth; most crystals thus
became too fine to be recovered efficiently, further reducing the actual
yield (Liu et al., 2015).

In terms of crystal particle size, Fig. 6(d and e) showed that under
both negative pressure and ultrasonic negative pressure conditions, D50
first increased and then decreased with increasing negative pressure
level, and the particle size distribution was narrowest and the particle
size was most uniform when the negative pressure level was 0.03 MPa.
Comparison of SEM images in Fig. 6 revealed that the negative pressure
level had little effect on crystal morphology. Therefore, 0.03 MPa is
selected as the optimal negative pressure level.

In summary, under the condition of initial pH = 7, the optimal
process parameters for ultrasound-assisted negative pressure crystalli-
zation were as follows: stirring speed of 300 rpm, crystallization tem-
perature of 80 °C, crystallization time of 45 min, ultrasonic power of
180 W, and negative pressure level of 0.03 MPa. Under these conditions,
the crystallization yield of ammonium sulfate was 53.18 g with a direct
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Fig. 5. Effect of ultrasonic power on ammonium sulfate crystallization under negative pressure conditions: (a) crystallization yield and (b) direct yield.
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yield of 70.9%. Among the five parameters, excluding time (which is not
an operational variable), temperature and ultrasonic power were iden-
tified as the primary drivers for improving crystallization performance,
as they contributed the largest increases in yield.

3.2. Mechanism of ultrasound-assisted vacuum crystallization
enhancement

3.2.1. Comparison of crystallization products under different conditions
Under the conditions of initial pH = 7, stirring speed of 300 rpm,
crystallization temperature of 80 °C, and crystallization time of 45 min,
the effects of four processing conditions on the crystallization yield and
direct yield of ammonium sulfate were compared: conventional crys-
tallization (0 W, ambient pressure), ultrasonic crystallization (180 W,
ambient pressure), negative pressure crystallization (0 W, 0.03 MPa),
and ultrasonic negative pressure crystallization (180 W, 0.03 MPa), as
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shown in Fig. 7(a). Among these, conventional crystallization did not
yield any crystals within 45 min, and the reaction was extended to
120 min to obtain comparable products. The other three conditions were
all maintained at 45 min. The XRD patterns, FTIR spectra, SEM images,
and particle size distributions of the four ammonium sulfate products
are shown in Fig. 7(b), (c), (d), and (e), respectively, and the calculated
crystallinity of these products is presented in Table 1.

As shown in Fig. 7(a), the crystallization yield under ultrasonic
negative pressure conditions was 53.18, 27.64 and 50.47 g higher than
those of conventional, ultrasonic, and negative pressure crystallization,
respectively, corresponding to direct yield improvements of 70.90%,
36.80%, and 67.29%. These results clearly demonstrate the synergistic
enhancement effect of ultrasound and negative pressure. The XRD pat-
terns (Fig. 7(b)) showed that in the ultrasonic negative pressure crys-
tallization process, the diffraction of (020), (120), (040) and other
crystal planes was enhanced, with significantly improved overall peak
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Fig. 7. Crystallization yield and direct yield (a), XRD patterns (b), FTIR spectra (c), SEM images (d), and particle size distribution (e) of ammonium sulfate prepared
under conventional, ultrasonic, negative pressure, and ultrasonic negative pressure conditions.

intensity, indicating that the ultrasonic negative pressure crystallization
method was conducive to crystal growth along specific directions.
Moreover, as shown in Table 1, conventional crystallization (120 min)
gave the highest crystallinity (78.65%), which is attributed to its longer
crystallization time that allowed for sufficient grain growth and orderly
lattice arrangement. However, within the same crystallization time
(45 min), the crystallinity under negative pressure was 72.72%, while
under ultrasonic negative pressure it increased to 74.25%; ultrasonic
crystallization alone (73.32%) was also higher than that of negative
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pressure crystallization. Therefore, ultrasonic assistance is beneficial for
improving crystallinity. The FTIR spectra (Fig. 7(c)) indicated that the
characteristic absorption peak positions of ammonium sulfate products
under various conditions were consistent. Among them, the absorption
peaks near 1100 em ™! and 630 em ™! were attributed to the v asym-
metric stretching vibration and v4 bending vibration of S0%, respec-
tively; the broad peak at 2800-3400 cm ™! and the absorption peak near
1400 cm™! were attributed to the v asymmetric stretching vibration
and v4 bending vibration of NHJ, respectively (Weis & Ewing, 1996). No
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Table 1
Crystallinity of ammonium sulfate under different conditions.

Processing condition Crystallinity (%)

Conventional (120 min) 78.65
Ultrasonic (180 W, ambient pressure, 45 min) 73.32
Negative pressure (0.03 MPa, 45 min) 72.72
Ultrasonic negative pressure (180 W, 0.03 MPa, 45 min) 74.25

Note: Crystallinity = (integral area of crystalline peaks)/(total scattering area) x
100%.

new characteristic peaks appeared in the spectra, and no original ab-
sorption peaks disappeared, which indicated that ultrasonic negative
pressure did not change the molecular structure of ammonium sulfate,
but promoted the crystallization process through physical effects. The
SEM and particle size distribution results (Fig. 7(d and e)) further
revealed that ammonium sulfate particles obtained by conventional
crystallization or negative pressure crystallization showed irregular
agglomeration with broad particle size distribution, while the intro-
duction of ultrasound (alone or synergized with negative pressure)
resulted in relatively more regular crystal shapes and narrower particle
size distribution, indicating that ultrasound helped inhibit agglomera-
tion and promoted uniform nucleation and growth.

3.2.2. Ultrasonic negative pressure treatment reduces width of MSZWs

The metastable zone width (MSZW) refers to the range of supersat-
urated concentration or temperature that a solution can maintain stably
without spontaneous crystallization after reaching saturation, which is a
key parameter for controlling the yield, crystal quality, and morphology
of crystallization products (Kocks et al., 2021). In this study, the
isothermal method was employed to investigate the supersaturation
evolution and metastable zone width variation of ammonium sulfate
solution during negative pressure crystallization and ultrasonic negative
pressure crystallization processes. Based on experimental data, MSZW
was quantitatively characterized, and the MSZW of ammonium sulfate
crystallization under negative pressure and ultrasonic negative pressure
conditions is shown in Fig. 8.
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When comparing the metastable zone width of negative pressure
crystallization and ultrasonic negative pressure crystallization under the
same conditions, the MSZW under ultrasonic negative pressure
decreased by approximately 33% compared with negative pressure
crystallization, with the supersaturation concentration decreasing from
902 to 892 g/L at 80 °C. This indicates that the introduction of ultra-
sound reduces the stability of the supersaturated solution, making
crystallization more likely to occur. This is because when ultrasonic
cavitation bubbles collapse, a large amount of energy is released near
the collapse point. The thermal motion of solute molecules is enhanced
by this energy, increasing the bulk free energy of clusters and reducing
the nucleation energy barrier of critical nuclei (Xing et al., 2026),
making nucleation easier to occur and resulting in a narrower MSZW.
Meanwhile, the negative pressure environment not only lowers the
boiling point of the solution and accelerates solvent evaporation but also
enhances cavitation intensity by reducing the hydrostatic pressure of the
liquid phase. This synergistic effect enables the system to overcome the
nucleation energy barrier and induce crystal precipitation at lower su-
persaturation levels.

3.2.3. Enhanced nucleation and growth

Nucleation is the initial stage of the crystallization process, essen-
tially being the process in which crystal nuclei precipitate from super-
saturated mother liquor (Myerson et al., 2019). The initial nuclei density
directly determines the yield, particle size, and morphology of the final
product. In this process, bubbles in the crystallization system can
effectively reduce the nucleation energy barrier and promote nuclei
formation by providing heterogeneous nucleation interfaces and inten-
sifying fluid disturbance (Tegladza et al., 2023). The bubble generation
under different conditions was recorded in Fig. 9.

As shown in Fig. 9, under negative pressure conditions, the bubbles
generated were numerous but small in size, which resulted mainly from
dissolved gas release (Jun, 2023); under ultrasonic conditions, the
bubbles were larger in size but fewer in number, predominantly cavi-
tation bubbles; while under ultrasonic negative pressure synergistic
conditions, the bubbles were not only the most numerous and largest in
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Fig. 8. Solubility curves and metastable zone width of ammonium sulfate under negative pressure and ultrasonic negative pressure conditions.
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Fig. 9. Bubble generation under different conditions.

size, but also grew more rapidly. This is because negative pressure
provides thermodynamic driving force for gas supersaturation, while
ultrasound provides kinetic disturbance through high-frequency pres-
sure oscillation, and their combined effect accelerates bubble growth.
Bubbles accelerate nucleation mainly through two mechanisms
(Wohlgemuth et al., 2009). First, solvent evaporates into the bubbles,
forming local supersaturation higher than the bulk in the interfacial
region, thereby enhancing the crystallization driving force. Second, the
bubble surface serves as a heterogeneous nucleation site, reducing the
nucleation energy barrier. Therefore, nucleation is more likely to occur
under ultrasonic negative pressure conditions. Bubbles under ultrasonic
and ultrasonic negative pressure conditions can be classified into stable
cavitation (inactive bubbles) and transient cavitation (active bubbles)
based on their kinetic behavior (Wang et al., 2024). When the acoustic
pressure amplitude exceeds a specific threshold, the expansion and

compression processes of bubbles become unstable. Among them, stable
cavitation is characterized by cavitation bubbles undergoing nonlinear
oscillations over multiple acoustic cycles, eventually collapsing in a
relatively gentle manner. Transient cavitation refers to cavitation bub-
bles rapidly expanding within one acoustic cycle and subsequently
collapsing violently, accompanied by the generation of local high tem-
perature and high pressure phenomena. As shown in Fig. 10(a), all ex-
periments were performed on aluminum foil (approximately
4 cm x 4 cm, with an initial weight of approximately 0.0392-0.0423 g)
at room temperature. The three conditions included negative pressure
alone at 0.03 MPa, ultrasound alone at 180 W, and combined ultrasound
(180 W) with negative pressure (0.03 MPa). The corresponding mass
loss data (the difference in aluminum foil mass before and after treat-
ment) are presented in Fig. 10(b). These data directly reflect the cavi-
tation strength, as aluminum foil mass loss is a well-established measure
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Fig. 10. (a) Erosion degree of aluminum foil under different conditions, (b) Mass loss of aluminum foil after treatment under different conditions.
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of cavitation erosion intensity where greater loss indicates more severe
cavitation impacts (Saikova et al., 2026). Under negative pressure alone,
the aluminum foil surface remained almost intact, with no measurable
mass loss, indicating that cavitation was hardly generated. In contrast,
under ultrasonic conditions alone, the foil surface exhibited progres-
sively intensifying erosion pits over time, reflecting strong cavitation
activity with numerous active bubbles. The mass loss was the largest.
However, under the combined ultrasonic negative pressure conditions,
the degree of aluminum foil erosion was relatively small, with very low
mass loss, suggesting that the cavitation bubbles were predominantly
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inactive and that the cavitation effect was relatively mild. This avoids
excessive cavitation-induced fragmentation of already formed nuclei or
fine crystals during ultrasound, while simultaneously suppressing nuclei
agglomeration under negative pressure conditions, thereby facilitating
the stable progression of the nucleation process.

The time from the start of heating to the occurrence of crystal pre-
cipitation was recorded as the solid-liquid transition time. This time is
equal to the sum of the solution heating time and the crystallization
induction time. The solid-liquid transition times under different condi-
tions are shown in Fig. 11. Under ultrasonic negative pressure condi-
tions, the solid-liquid transition time was significantly shortened to only
9 min. Compared with negative pressure conditions, crystallization
under ultrasonic negative pressure reduced the solid-liquid transition
time by 35.7%, indicating faster nucleation speed under these
conditions.

Scanning electron microscopy was employed to further investigate
the morphological evolution of ammonium sulfate crystals during the
crystallization process. The crystal morphologies at 5 min and 10 min
after precipitation under negative pressure and ultrasonic negative
pressure conditions (corresponding to crystallization times of 19 min
and 24 min for negative pressure, and 14 min and 19 min for ultrasonic
negative pressure) are shown in Fig. 12. Under conventional negative
pressure, crystals exhibited a pronounced rod-like growth habit, which
persisted over time (19-24 min). In contrast, in the ultrasonic negative
pressure system, crystals appeared rod-like at 14 min, whereas at
19 min, numerous fine crystals dominated, suggesting that ultrasound-
induced fragmentation of rod-like crystals promotes secondary nucle-
ation. Consequently, the nuclei density is substantially increased,
enhancing product yield within the same crystallization duration.

Viscosity is a key physical parameter influencing crystal nucleation
and growth. During the nucleation stage, elevated viscosity increases the
diffusion resistance of solute molecules and reduces the frequency of
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Fig. 12. Crystal morphological evolution during negative pressure and ultrasonic negative pressure crystallization.
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Fig. 13. Variation of solution viscosity with temperature under different re-
action conditions.

effective intermolecular collisions, thereby suppressing primary nucle-
ation and prolonging the crystallization induction period (Thieme &
Riissel, 2014). During the growth stage, excessive viscosity hinders both
the diffusion of solutes from the solution to the crystal surface and the
integration of growth units onto the crystal facets, resulting in a
decreased crystal growth rate (Nicholson et al., 2023). High-frequency
vibration of ultrasound induces forced vibration of liquid molecules,
increasing molecular spacing and weakening intermolecular in-
teractions through periodic compression and stretching, thereby
reducing flow internal friction and decreasing viscosity (Bakrutheen
et al., 2018). In addition, the collapse of ultrasonic cavitation bubbles
generates localized transient high temperatures (approximately
5000 K), which intensify the thermal motion of solute and solvent
molecules, weaken intermolecular van der Waals forces and hydrogen
bonds, increase the average intermolecular distance, and thereby reduce
the solution viscosity (Zhang et al., 2026). The variation of ammonium
sulfate solution viscosity with temperature under different reaction
conditions is shown in Fig. 13. Compared with negative pressure con-
ditions, the viscosity of ammonium sulfate solution under ultrasonic
negative pressure conditions was lower, with a 5.7% reduction at 80 °C.
The enhanced solute diffusion capacity facilitates the migration of NHJ
and SO3™ ions toward crystal surfaces, thereby promoting rapid growth
of ammonium sulfate crystals.

Effect of ultrasonic negative pressure
crystallization

Problems existing in sole negative
pressure crystallization

/;4@ negative pressure pump

. crystal agglomeration
and uneven particle size

‘ low yield and prolongedl
processing time 1
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more uniform size and higher
crystallinity
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The mechanism of ultrasonic negative pressure enhanced ammo-
nium sulfate crystallization is illustrated in Fig. 14. Under ultrasonic-
negative pressure conditions, numerous bubbles are generated in the
solution, providing abundant heterogeneous nucleation sites and
enhancing local supersaturation driving force, thereby accelerating
nucleation and shortening the solid-liquid transition time. Meanwhile,
this approach avoids crystal damage caused by excessive mechanical
stress under ultrasound alone as well as crystal agglomeration under
negative pressure alone. Additionally, these conditions can reduce so-
lution viscosity, accelerate solute diffusion, and promote crystal growth.
Therefore, introducing ultrasound into the negative pressure evapora-
tion crystallization process of ammonium sulfate can significantly
shorten the crystallization time, improve the direct yield, and obtain
ammonium sulfate crystals with higher crystallinity, more uniform
particle size, and more regular morphology.

4. Conclusion

In this study, an ultrasonic negative pressure crystallization process
for ammonium sulfate was proposed. The major conclusions are as
follows:

(1) Compared with negative pressure crystallization, under optimal
conditions, the yield of ammonium sulfate increased by 27.64 g,
and the direct yield significantly improved by 36.80%.

(2) XRD and FTIR analyses indicated that this process effectively
improved product crystallinity without altering the crystal
structure of ammonium sulfate. SEM and particle size analysis
further confirmed that the synergistic effect of ultrasonic negative
pressure promoted more regular crystal morphology and more
uniform particle size.

(3) The synergistic intensification mechanism of ultrasound and
negative pressure was revealed. Compared with negative pres-
sure crystallization alone, the introduction of ultrasound nar-
rowed the MSZW by approximately 33%, lowering the nucleation
energy barrier. Meanwhile, the abundant bubbles generated by
ultrasonic cavitation provided numerous heterogeneous nucle-
ation sites and local supersaturation driving forces, reducing the
solid-liquid transition time by 35.7%. Furthermore, the intro-
duction of ultrasound inhibited excessive growth, induced sec-
ondary nucleation, and increased crystallization yield, while
reducing solution viscosity by 5.7%, thereby enhancing mass
transfer and crystal growth.

Overall, this process effectively overcomes the problems of crystal
agglomeration and broad particle size distribution inherent in tradi-
tional processes, and develops an efficient ammonium sulfate

mechanism of ultrasonic
negative pressure crystallization

Sl MSZW reduced by 33%

Increased bubbles provide
more heterogeneous
nucleation sites and

localized driving forces

Solution viscosity reduced
4 by 5.7%, promoting crystal
growth

Fig. 14. Mechanism diagram of ultrasonic negative pressure enhanced ammonium sulfate crystallization.
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crystallization process suitable for industrial production. However,
industrialization still requires systematic resolution of engineering
boundary conditions such as thermal stability of ultrasonic transducers,
impurity sensitivity of industrial mother liquor, and material corrosion
resistance. Combining process simulation with pilot-scale validation in
the future is crucial for bridging laboratory achievements and industrial
applications.
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