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Ultrasound enhanced evaporating crystallization has been proposed to solve the problems of low crystallization
yield and uneven particle size in the evaporating crystallization process of ammonium sulfate solution at at-
mospheric pressure. The effects of key operating parameters, including the ultrasound power, stirring speed, pH
value, and ultrasound time, on the yield of ammonium sulfate product and the duration of solid-liquid trans-
formation time are studied. The results show that the ultrasound crystallization can increase the ammonium

sulfate yield by 52.9 %, reduce the solid-liquid transformation time of ammonium sulfate by 10 %, and obtain
ammonium sulfate products with higher crystallinity and more uniform particle size. Ultrasound promotes the
crystallization of ammonium sulfate by enhancing the transfer of heat in the solution and reducing the super-
solubility of the ammonium sulfate solution from 937.5 g/L to 833.33 g/L. This study provides experimental
justification for the use of ultrasound in atmospheric evaporative crystallization.

1. Introduction

Ammonium sulfate has garnered attention for its application in
agricultural chemical fertilizer, rare earth leaching, battery production
and recycling processes|1-6]. Using flue gas with a low concentration of
sulfur dioxide produced by metal smelting to produce ammonium sul-
fate fertilizer has important environmental protection and sulfur
resource utilization significance. The principle of ammonia desulfur-
ization is to convert sulfur dioxide in flue gas into an ammonium sulfate
solution through ammonia absorption and oxidation, and subsequently
obtain ammonium sulfate products from the ammonium sulfate solution
through crystallization. The crystallization step plays a key role in
determining product quality and production costs.

At present, the methods used to crystallize ammonium sulfate
include the addition of seed crystals, vacuum crystallization, antisolvent
crystallization, and atmospheric pressure crystallization. By adding
large particles of ammonium sulfate, other metal salts, fly ash, and urea
[7,8], ammonium sulfate grows on these large particles, which plays a
role in inhibiting the spontaneous formation of small grains[9-12].

* Corresponding authors.

Although the addition of seed crystals can produce ammonium sulfate
products with uniform particles and large particle sizes, there are strict
requirements on the addition time and amount and the process opera-
tion is cumbersome[13]. Ammonium sulfate products with larger par-
ticles and regular shapes can be obtained at lower temperatures and
without crystal seeds when using vacuum crystallization. However, the
use of vacuum crystallization needs to ensure the sealing performance of
the evaporator and requires additional expenditure. Antisolvent crys-
tallization involves the precipitation of solute in solution by the addition
of an organic solvent that is miscible with the aqueous solution[14], but
there are problems such as high cost and separation of the organic sol-
vent after the reaction. Atmospheric evaporating crystallization is
heated by steam and flue gas waste heat without the need for a vacuum
device, which has the advantages of a simple process and low processing
cost. However, the evaporating crystallization at atmospheric pressure
results in a low ammonium sulfate crystallization yield, poor crystal
quality, uneven particle size distribution, and irregular morphology,
which not only cause economic losses, but also tend to agglomerate
when fertilized due to poor crystallization, which limits its application.
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Fig. 1. The experimental flowchart(a) and schematic diagram of the ultrasound device(b).

[15].

As a mechanical wave with a frequency greater than 20 kHz, ultra-
sound can form high-temperature and high-pressure cavitation bubbles
in water. When these cavitation bubbles rupture, high-speed microjets
and shock waves are generated locally, causing changes in the solid-
-liquid interface energy, resulting in fine grains in the solution. Ultra-
sound crystallization process is widely used in the crystallization
production of food and medicine due to the advantages of not needing to
add seeds and having an adjustable crystal size. Ghosh et al.[16] used
ultrasound evaporating crystallization to produce 2,4,6,8,10,12-Hexani-
tro-2,4,6,8,10,12-hexaazaisowurtzitane (CL-20) and found that after
ultrasound evaporating crystallization, CL-20 had a high true density
with a decreased percentage of voids, decreased total moisture content
and no agglomeration. Hu et al. [17] used ultrasound evaporation to
crystallize sucrose solution. The results indicated that not only was the
viscosity of sugar solution reduced, but also that the heat transfer co-
efficient and evaporation intensity of the evaporation system improved
by 42.4 % and 15.2 %, respectively, and that the scale was removed
remarkably, with no significant effects on white sugar quality. The
above research showed that ultrasound has a strengthening effect on
evaporating crystallization. Ultrasound has been reported to promote
ammonium sulfate crystallization, but existing research has focused
mainly on ultrasound enhanced cooling crystallization[18] and
ultrasound-induced nucleation of saturated solution as seeds for cooling
crystallization[19]. There are few reports on the effect and mechanism

of ultrasound waves on the evaporating crystallization of ammonium
sulfate.

In this work, an unsaturated simulated ammonium sulfate solution
with similar concentration to the actual production of ammonium sul-
fate was used for the evaporation crystallization experiment. The sol-
id-liquid transformation time (tyans) was defined as the time when an
ammonium sulfate solution was heated from room temperature to
precipitated crystal in this work. The strengthening effect of ultrasound
was analyzed by comparing the quality of the quality of recovered
crystals and the transformation time. The product morphology, crys-
tallization effect and crystal particle size of ammonium sulfate samples
were compared under different conditions of ultrasound-assisted evap-
orating crystallization process, and the mechanism underlying the in-
fluence of ultrasound was explored.

2. Experimental
2.1. Materials and analytical methods

The simulated desulfurization solution was prepared according to
the actual solution composition during production, specifically con-
taining a sulfate content of 300 g/L and a sulfite content of 20 g/L. The
ammonium sulfite and ammonium sulfate used in this experiment were
produced by Shanghai Aladdin Biochemical Technology Co., Ltd. The
ultrasound generator (maximum ultrasound intensity: 1800 W,
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Fig. 2. Effect of ultrasound power on the quality of recovered crystals and transformation time(a), on crystal particle size(b), crystal plane (c) and micromorphology
(e) of the ammonium sulfate. The orthorhombic structure with nomenclature of specific faces of ammonium sulfate(d)[22].

operating frequency: 24 kHz) used in this experiment was produced by
Shanghai Weimi Technology Co., Ltd. The ultrasound generator con-
sisted of an ultrasound horn and a control device, which could achieve a
minimum of 1 % (18 W) ultrasound power adjustment. The ultrasound
horn was made of titanium alloy. The size of the horn was 20 mm in
diameter, and a 200 mm in length immersion of the tip directly into the
solution provided a direct mode of irradiation. An X-ray diffractometer
(Rigaku dX 2000, Cu-Ka radiation, operating at 40 kV and 25 mA) was
used to analyze the crystal planes of ammonium sulfate after crystalli-
zation. The morphology of the crystals were analyzed by scanning
electron microscopy (Philips XL20 ESEM-TMP, Amsterdam, The
Netherlands). The particle size distribution of the products was deter-
mined by a laser particle size analyzer (Mastersizer 2000,UK).

2.2. Experimental procedure

Evaporating crystallization is heated by the steam waste heat of in-
dustrial steam with temperatures of 120-140 °C [20,21]; therefore, the
temperature of the oil bath pot, which is the heat source, is fixed at
135 °C in our experiment. In each experiment, 75 mL of ammonium
sulfate solution was transferred to a 150 mL beaker, and an ultrasonic
horn was inserted to ensure that the bottom of the horn was 35 mm
below the liquid surface. The solution was heated from room tempera-
ture (about 25 °C) using an oil bath, and the entire heating time was
fixed at 60 min. During the reaction process, a magnetic stirrer with a
length of 32 mm and a diameter of 5 mm was used to stir the solution,
and an appropriate ultrasonic start time was selected according to the
experimental requirements. When observable grains are produced in the
solution, the timing is stopped, and the time is recorded as the solid-
-liquid transformation time (tians). The solution was further heated
until the heating time reached 60 min, after which the produced
ammonium sulfate was filtered. The beaker was rinsed with alcohol to
obtain the remaining ammonium sulfate. After drying at 65 °C for 12 h,
the ammonium sulfate product was taken for further analysis. The
experimental flowchart and the schematic diagram of the ultrasound
device are shown in Fig. 1(a) and (b), respectively.

3. Results and discussions

3.1. Effect of ultrasound on the evaporating crystallization of ammonium
sulfate at atmospheric pressure

3.1.1. Effect of ultrasound power

The effects of ultrasound power on the transformation time (ttrans)
and the quality of the quality of recovered crystals were studied at a
stirring rate of 100 RPM, a solution pH of 7, and an ultrasound time of
60 min under different ultrasound powers (90, 360 and 450 W), and the
results are shown in Fig. 2(a). The particle sizes, XRD patterns and SEM
images of ammonium sulfate products under different ultrasound
powers are shown in Fig. 2(b), (c), and (e), respectively. The crystal
plane of the ammonium sulfate was identified using a standard XRD card
(JCPDS: 41-0621). The standard crystal form of ammonium sulfate and
the position of each crystal plane are shown in Fig. 2(d).

As shown in Fig. 2(a), an increase in ultrasound power has little
impact on the transformation time (taps), which remains at 49-50 min,
but has a significant impact on the ammonium sulfate yield. In the range
of 90 to 360 W, the crystallization yield increases from 8.53 gto 12.18 g,
and the yield increases by only 0.43 g when the ultrasound power in-
creases from 360 to 450 W. As the ultrasound power increases, the
distribution width of the product particle size becomes narrower, as
shown in Fig. 2(b), indicating that the particles are more uniform, but
the average particle size of products decreases. Specifically, the average
particle size of ammonium sulfate decreases from 262.17 pm at 90 W to
175.73 pm at 360 W, and finally to 166.38 pm at 450 W. Fig. 2(c) shows
that the characteristic peak intensity of ammonium sulfate becomes
significantly stronger when the ultrasound power increases from 90 to
360 W, indicating that increasing the ultrasound power within this
range promotes the crystallization of the product. It was also found that
the peak intensity of each crystal face of the ammonium sulfate product
increases evenly at this time. However, this trend changes when the
ultrasound intensity increases from 360 W to 450 W. The peak heights of
the (020) and (040) crystal planes of the product under 450 W are
significantly higher than those under 360 W, but the other crystal plane
peaks are basically the same as those under 360 W.

Fig. 2(e) shows that the morphology of ammonium sulfate at 90 W
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Fig. 3. Effect of stirring rate on the quality of recovered crystals and tyans (@), and on crystal particle size(b).

included more large particles with uneven sizes obtained from the
agglomeration of multiple orthorhombic particles. A stronger high-
speed microjet is generated when the ultrasound power increases
[23,24], which produces a significant shear impact on the particle sur-
face, leading to the breakage of agglomerated large particles in the
product and the formation of more uniform particles. As a result, large
particles are dispersed to form more small particles with a morphology
close to that of the standard orthorhombic crystal system at 360 W. The
ammonium sulfate particles gradually transform from the orthorhombic
crystal system to the slender flake particles when the ultrasound in-
tensity increases from 360 W to 450 W (Fig. 2(e)) due to the overgrowth
of the (040) and (020) crystal planes (Fig. 2(c)). The (020) and (040)
crystal planes are the crystal planes perpendicular to the observation
angle, as shown in Fig. 2(d). According to the existing research[25], the
(020) plane and (040) plane in orthorhombic crystals cannot be
matched with other crystal planes, so they are not suitable for the pro-
duction of uniform orthorhombic ammonium sulfate particles. In addi-
tion, compared with orthorhombic crystal particles, slender flake
particles are more easily broken, which is not conducive to the use of
ammonium sulfate fertilizer. Therefore, the optimal experimental con-
ditions for subsequent experiments are determined to be 360 W. The
regulatory effect of ultrasound power on particle morphology has also
been reported in other studies. Yang et al. [26] studied the effect of
ultrasound on the crystallization of selenium and reported that as the
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ultrasound power increased, the selenium crystals split from large par-
ticles into more small selenium particles with a columnar structure and
gradually grew into selenium nanorods. Lucija Majal et al. [27] also
found that an increase in ultrasound power caused the transformation of
the ticagrelor crystals from agglomerated cubes to agglomerated rods,
and finally to agglomerated needles, indicating that an increase in ul-
trasound power could transform large particles into smaller particles
with more uniform particle sizes.

3.1.2. Effect of stirring rate

The effects of stirring rate on tyans and the quality of recovered
crystals were investigated under the conditions of an ultrasound power
of 360 W, ultrasound time of 60 min and solution pH of 7 with different
stirring rates (50, 100, 200, 300 RPM), the results are shown in Fig. 3(a).
The particle sizes of different products were determined, as shown in
Fig. 3(b).

The effect of increasing the stirring rate on the ammonium sulfate
yield exhibits an upward trend from 50 RPM to 200 RPM (Fig. 3(a)).
This can be attributed to the increase in collision frequency resulting
from the increase in stirring rate. Such collisions include those between
crystals and between crystals with the stirrer, consequently leading to an
increase in the nucleation rate[28]. However, an excessively fast stirring
speed results in small crystals being pushed to the container wall above
the solution, which reduces the amount of small crystals produced in the
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Fig. 4. Effect of pH value on the quality of recovered crystals and t..,s (a), and on crystal particle size(b).
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Fig. 5. Effect of ultrasound time on the quality of recovered crystals and tyans (2), and on crystal particle size(b).

solution and ultimately hinders the crystallization process[18]. There-
fore, an increase in the stirring speed from 200 to 300 RPM results in a
decrease in ammonium sulfate yield. An increase in the stirring rate
results in a more uniform mixing of the crystallization system, avoids the
generation of large crystals due to excessive local supersaturation, ac-
celerates the fragmentation of large crystal particles, and thereby ob-
tains more uniform and smaller particles. As shown in Fig. 3(b), the
particle size the product decreases and their particle size distribution
becomes narrower with the increase of stirring rate. Within the inves-
tigated stirring rate range, the change in tians remains within 50-52
min, indicating that an increase in the stirring rate can not significantly
accelerate the precipitation of crystals. Therefore, 200 PRM is selected
as the optimal condition.

3.1.3. Effect of pH value

The effects of the solution pH value on the ty,ns and the quality of
recovered crystals were studied at an ultrasound power of 360 W, an
ultrasound time of 60 min, and a stirring rate of 200 RPM at different pH
values (3, 5, 7 and 9), and the results are shown in Fig. 4(a). The pH
value was adjusted through the addition of concentrated sulfuric acid
(98 % AR grade) and ammonia (20 % AR grade). The particle sizes of
different products were determined, as shown in Fig. 4(b).

The effect of pH value on the tians and the quality of recovered
crystals does not show a direct correspondence due to the addition of
concentrated sulfuric acid or ammonia, which can change the volume of
the solution. The volume of so desulfurization solution at pH = 9 is
increased from 75 mL to 78.5 mL, therefore the tians is higher than that
under other pH conditions, and the ammonium sulfate yield obtained
under the same heating at pH of 9 is lower. In other words, a pH value of
9 is not conducive to the crystallization of ammonium sulfate.

Due to the strong acidity of concentrated sulfuric acid, the volume of
the desulfurization solution does not change much when adjusted to
acidic pH values. When the pH value drops from 7 to 5 or 3, the volume
of the desulfurization solution increases from 75 mL to 75.4 or 75.8 mL.
As the acidity of the desulfurization solution increases, the supersatu-
ration required for ammonium sulfate crystallization decreases, and the
ammonium sulfate crystal nuclei more easily precipitate. As a result, the
desulfurization solution with pH = 3 has a higher ammonium sulfate
yield and lower tiyans than the solution with pH = 5. Research by Mohod
et al.[18] also showed that, compared with those under other pH con-
ditions, the size of ammonium sulfate particles obtained at pH values of
5-5.5 was larger, and the nucleation and growth time of larger ammo-
nium sulfate particles were longer. The average particle size of ammo-
nium sulfate product at pH = 5 was confirmed to be larger than the
average particle size of the product at pH = 3 as shown in Fig. 4(b) in our

work. The pH value of the desulfurization simulation solution was 7. The
volume of the solution at pH = 7 is smaller than that at other pH values
due to no need to add additional sulfuric acid or ammonia, therefore, the
tirans at pH = 7 is less than other pH values. Compared with that at pH =
3, the particle size distribution of ammonium sulfate at pH = 7 is nar-
rower and the particles are more uniform, but the yield is slightly lower.
However, the free acid content in ammonium sulfate fertilizer needs to
be controlled according to Chinese national standards, and the free acid
content exceeds the standard when evaporating crystallization at pH =
3. The pH of the ammonium sulfate solution during evaporating crys-
tallization in actual production is 7-8, thus pH = 7 is selected as the
optimal condition in this study.

3.1.4. Effect of ultrasound time

The total crystallization time was controlled to 60 min. The four
conditions of normal heating 60 min (recorded as ultrasound time 0
min), normal heating 40 min and ultrasound heating 20 min (recorded
as ultrasound time 20 min), normal heating 20 min and ultrasound
heating 40 min (recorded as ultrasound time 40 min), and ultrasound
heating 60 min (recorded as ultrasound time 60 min) were studied
respectively. The effects of ultrasound time on tyans and the quality of
recovered crystals were investigated under the conditions of an ultra-
sound power of 360 W, a stirring rate of 200 RPM, and a solution pH of
7, and the results are shown in Fig. 5(a). The particle sizes of different
products were determined, as shown in Fig. 5(b).

Compared with the normal crystallization (recorded as an ultrasound
time of 0 min), the addition of ultrasound significantly shortens t¢ans and
increases the yield of ammonium sulfate, regardless of whether the ul-
trasound time is 20, 40, or 60 min. Ultrasound can promote heat and
mass transfer effects in the solution during the crystallization process
[29], resulting in an increase in ammonium sulfate yield and a decrease
in tans as the ultrasound time increases from 20 to 60 min. However, the
effects of ultrasound time on ty,ns, ammonium sulfate yield and particle
size distribution are not significant, as shown in Fig. 5(a) and 5(b). This
is because the promoting effect of ultrasound on crystallization occurs
mainly during in the crystal nucleation and growth stages, rather than in
the early stages of heating when a large amount of water evaporates.
When the ultrasound time is 20-60 min and the total heating time is
controlled to 60 min, the tyans is 49-50 min; that is, it takes 49-50 min of
heating to observe the formation of crystal nuclei, while the growth of
crystal nuclei only takes up 10-11 min. If the ultrasound time is
controlled to 40 or 60 min, a large amount of ultrasound energy will be
used to evaporate the water, resulting in waste. By controlling the ul-
trasound time to 20 min, ultrasound can be effectively utilized for
crystal nucleation formation and growth. Therefore, an ultrasound time



H. Xu et al.
a (]
60 | (a) {}:m‘ 414
ecavered crystals
1 12
50 11.10g
)
10 %
40 =
= B
£ 8 &
2 30 B
- 3]
6 >
=1
) 2
20
4 %
10 R
0 0
Normal Ultrasound
Normal
©)
= I ‘ A ) A
£
>
7 — Ultrasound
=
2
=
1 1 1 1 1 1 1

10 15 20 25 30 35 40 45 50

PDF:JCPDS: 41-0621

I e

2
1
(120
200) |
2

3

0
040)L

Ultrasonics Sonochemistry 106 (2024) 106896

(b)
10 —#— Normal
—e— Ultrasound
8k
S
o or
g
2
(=}
>l
2k
0 1
1 10 100 1000

particle-size (um)

Ultrasound

Normal

Fig. 6. The quality of recovered crystals and tyans (), crystal particle size(b), XRD patterns (c) and SEM images (d) of the ammonium sulfate products obtained by

normal and ultrasound crystallizations.

of 20 min is selected as the optimal condition in this study.

3.2. The strengthening mechanism of ultrasound on ammonium sulfate
crystallization

3.2.1. Comparison of normal and ultrasound crystallization products

The total crystallization time was controlled to 60 min. A normal
ammonium sulfate product was obtained after normal heating for 60
min with a stirring rate of 200 RPM, and a solution pH of 7. An ultra-
sound ammonium sulfate product was obtained after normal heating for
40 min and then ultrasound heating for 20 min with an ultrasound
power of 360 W, a stirring rate of 200 RPM, and a solution pH of 7. The
tirans and the quality of recovered crystals of the two products are shown
in Fig. 6(a). The particle sizes, XRD patterns, and SEM images of the two
ammonium sulfate products are shown in Fig. 6(b), (c),and (d),
respectively.

As shown in Fig. 6(a) and (b), compared with normal crystallization,
ultrasound crystallization can reduce the tgans by 10 %, increase the
quality of recovered crystals by 52.9 %, and obtain more uniform and
smaller ammonium sulfate particles. The addition of ultrasound pro-
motes the growth of each crystal plane of ammonium sulfate, resulting
in a stronger characteristic peak intensity for each crystal face, indi-
cating that ultrasound promotes the crystallization of ammonium sulfate
than normal crystallization (Fig. 6(c)). A comparison of the SEM images
in Fig. 6(d) shows that the ammonium sulfate particles obtained from
normal crystallization exhibit irregular agglomeration, while the
ammonium sulfate crystals obtained ultrasound crystallization have a
more regular shape.

3.2.2. Strengthening mechanism of ammonium sulfate crystallization by
ultrasound

The change in temperature of ammonium sulfate solution with time
was tested under ultrasound heating time or normal heating time, and
the the results are shown in Fig. 7(a). Cavitation bubbles that formed
under the action of ultrasound waves form high temperatures and high
pressures in the microarea at the moment of rupture. Coupled with the
strong stirring effect of ultrasound, heat transfer in solution increases
[29-31], resulting in a higher solution temperature under ultrasound
than under normal heating conditions. In addition, the shock wave, high
temperature and high pressure caused by ultrasound cavitation effect
strengthen the mass transfer of ammonium sulfate and promote the
formation of ammonium sulfate crystals. During the process of crystal
growth, the shock wave generated by ultrasound causes normally grown
agglomerated large crystal grains to form more small crystal nuclei, thus
promoting further crystallization of ammonium sulfate[27,32]. There-
fore, the yield of ammonium sulfate when using ultrasound enhanced
evaporation crystallization is much higher than that when using the
normal method.

When the solute concentration in the solution is higher than the
equilibrium concentration at the desired temperature, crystal nucleation
and subsequent crystal growth occur[9]. Supersaturation, the difference
between the actual concentration of a solution and its equilibrium
concentration, is considered to be the driving force for crystallization
[33]. When the solution is in a supersaturated state, the limiting solu-
bility of the solute, that is, the actual concentration of the solution at that
time, is called the supersolubility of the solute. The difference in the
effect of crystallization between different processes can be compared by
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comparing the supersolubility of the solution [34,35]. In this study, the
supersolubility of ammonium sulfate under ultrasound and normal
crystallization at optimum reaction conditions was calculated by the
volume of ammonium sulfate solution at the moment when the solid was
precipitated by evaporation crystallization. The experiment was
repeated 6 times in total, and the average supersolubility results are
shown in Fig. 7(b). The supersolubility of ammonium sulfate decreases
from 937.5 g/L for normal crystallization to 833.33 g/L for ultrasound
crystallization, indicating that the introduction of ultrasound can reduce
the supersolubility of ammonium sulfate solution during the evapora-
tion crystallization process, allowing ammonium sulfate to precipitate
crystals at lower concentrations than normal crystallization under ul-
trasound action, thereby promoting the precipitation of ammonium
sulfate crystals. Similar phenomena have also been reported in other
works. Sun et al.[35] investigated the supersolubility of lithium car-
bonate with no seed crystals, and found that the solubility of lithium
carbonate decreased from 0.59 mol/L (20 °C) and 0.48 mol/L (40 °C) to
0.55 mol/L and 0.43 mol/L, respectively, after adding ultrasound. Dong
et al.[36] reported that the supersolubility of p-Xylene decreased from

83 g/100 g solution to 77 — 79 g/100 g solution after ultrasound treat-
ment at 276 K (3 °C), and the supersolubility gradually decreased with
increasing ultrasound power. The reason why ultrasound reduces the
supersolubility can be attributed to the cavitation effect of ultrasound.
Under the action of ultrasound, many tiny cavitation bubbles are
generated in the solution. When the cavitation bubbles collapse sud-
denly, local areas with high temperatures above 5000 K and high
pressures of about 50 MPa are formed, resulting in a rapid increase in the
actual concentration of solutes in these local areas and the precipitation
of fine crystals. However, the actual concentration of solutes in areas
other than high temperature and high pressure still remains at a low
level, so the average actual concentration of ammonium sulfate in the
entire solution is at a relatively low level. We observed that compared to
normal crystallization, ultrasonic crystallization resulted in crystal
precipitation of ammonium sulfate solution at lower supersolubility.
The result is that under the same heating time, ammonium sulfate pre-
cipitates earlier during the ultrasound crystallization process than dur-
ing the normal crystallization process, as shown in Fig. 7(c). In addition,
in this study, the supersolubility of ammonium sulfate under both



Fig. 8. Schematic diagram of the mechanism by which ultrasound affects the
evaporating crystallization of ammonium sulfate.

ultrasound crystallization and normal crystallization conditions was
lower than the theoretical value of pure ammonium sulfate solution at
the same temperature (about 941-1030 g/L [37]). This phenomenon
may be due to the presence of 20 g/L ammonium sulfite impurities in the
desulfurization simulation solution, which promoted the crystallization
of ammonium sulfate.

The mechanism by which ultrasound enhances the evaporating
crystallization of ammonium sulfate is shown in Fig. 8. Due to the
cavitation effect of ultrasound, tiny crystals precipitate early in the local
area of the solution, enabling the solution to precipitate crystals under
lower supersolubility conditions than in normal crystallization pro-
cesses, enhancing the crystallization effect. Subsequently, when
ammonium sulfate crystal nuclei are formed in solution, the mechanical
action of ultrasound waves breaks the agglomerated large crystals into
pieces, forming more secondary crystal nuclei and making the particles
uniform. Therefore, introducing ultrasound during the evaporating
crystallization of ammonium sulfate solution at atmospheric pressure
can significantly shorten the crystallization time of ammonium sulfate,
increase the yield of ammonium sulfate, and obtain ammonium sulfate
crystals with higher crystallinity and more uniform particle sizes.

4. Conclusions

Ultrasound was introduced to enhance the evaporating crystalliza-
tion of ammonium sulfate at atmospheric pressure in this work. The
optimal reaction conditions were obtained after normal heating for 40
min and then ultrasound heating for 20 min with an ultrasound power of
360 W, a stirring rate of 200 RPM, and a solution pH of 7. Compared
with entire normal crystallization, ultrasound crystallization can reduce
the solid-liquid transformation time (tirans) by 10 %, increase the quality
of recovered crystals by 52.9 %, and obtain more uniform and highly
crystalline ammonium sulfate products. The mechanism of ultrasound-
induced ammonium sulfate crystallization is mainly by strengthening
the collisions between ammonium sulfate molecules in the solution to
reduce the supersolubility of the ammonium sulfate solution, so that the
ammonium sulfate crystals can precipitate at a lower concentration and
in a shorter time. Subsequently, the mechanical action of ultrasound
waves breaks the agglomerated large crystals into pieces, forming more
secondary crystal nuclei and more uniform particles, thereby improving
the quality of recovered ammonium sulfate crystallization products.
This work lays an experimental foundation for the introduction of ul-
trasound to the ammonium sulfate atmospheric evaporation crystalli-
zation process.
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