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Currently, the polluted wastewater discharged by industry accounts for the major part of polluted bodies of
water. As one of the industrial wastewaters, dye wastewater is characterized by high toxicity, wide pollution, and
difficulty in decolorization degradation. In this paper, a novel composite nanomaterial catalyst of silver was
prepared by using Angelica sinensis polysaccharide (ASP) as a reducing and stabilizing agent. And the optimum
reaction conditions explored are Vagnos = 5 mL (300 mM) and vasp = 7% (w/v) for 6 h at 90 °C. In addition, the
ASP-Ag nanocatalyst was characterized by several techniques. The results demonstrated that ASP-Ag nano-
particles were successfully synthesized. Degradation rate, which provides a numerical visualization of the per-
centage reduction in pollutant concentration. With the wrapping of ASP, the ultrasonic catalytic degradation
rates of different organic dyes including rhodamine B (RB), methylene blue (MB), and methyl orange (MO) were
from 88.2%, 88.7%, and 85.2% to 96.1%, 95.2% and 93.5% at room temperature, respectively. After the ex-
periments, when cqyes = 10 mg/L, the highest degradation rate can be observed under caps.agnps = 10 mg/L with
the most powerful cavitation frequency f = 59 kHz. The effect of ultrasonic frequency on the acoustic pressure
distribution in the reactor was investigated by using COMSOL Multiphysis@ software to propose the mechanism
of ultrasonic degradation and the mechanism was confirmed by OH* radical trapping experiments. It indicates
that OH* produced by the ultrasonic cavitation effect plays a determinant role in the degradation. And then, the
intermediate products of the dye degradation process were analyzed by gas chromatography and mass spec-
trometry (GC-MS), and the possible degradation processes of dyes were proposed. The resulting products of
degradation are SO%’, NHZ, NO3, Ny, CO, and H50. Finally, the recycling degradation experiments showed that
catalyst maintains a high degradation rate within reusing 5 cycles. Thus, this catalyst is highly efficient and
recyclable.

1. Introduction

Water is one of the most important resources of nature. With the
rapid development of modern industrialization, a large amount of
polluted water is discharged [1]. Especially, among the various pollut-
ants in the industry of textile processing, the colored wastewater (con-
taining organic dyes) has a prominent demand for treatment and
recycling [1]. Most of the dyes in wastewater are composed of hetero-
cyclic and aromatic hydrocarbon toxic organic pollutants containing
chromogenic and polar groups. These pollutants are difficult to biode-
grade and highly carcinogenic, which also harm human health. So far,
the recycling of waste dye liquor is a research hotspot to further reduce
the consumption of fresh water and save the cost of wastewater
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treatment. Treatment technologies, including the Photo-Fenton tech-
nique, ozone oxidation, photocatalytic oxidation, electrochemical
oxidation, microbial decolorization and advanced oxidation processes
(AOPs), are used for the recovery and treatment of wastewater con-
taining organic dyes [2,3]. However, these methods have different dis-
advantages, which is time-consuming, costly and inefficient. Ultrasonic
degradation, a green and efficient treatment technology [4-6], has a
better application prospect for treating dye wastewater that is hardly
treated by conventional methods [7,8]. Therefore, it has become an
important research direction for the treatment of dye wastewater. Ul-
trasonic cavitation refers to the phenomenon that when the ultrasonic
energy is high enough, the tiny bubbles (cavitation nuclei) existing in
the liquid vibrate, grow, and continuously gather sound field energy
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Table 1
Comparison of the ultrasonic degradation performance of different catalysts.

Catalysts Dyes  Ultrasound Time Degradation rate
[min] [%]
KNbO3/ZnO [17] MO 40 kHz, 120 W 90 49.0
CoOy/BiFeO3 RB 40kHz, 120W 90 82.0
[19]
Ag/BiFeOg3 [18] RB 40 kHz, 120 W 90 82.0
BiOBr [22] RB 40kHz, 120W 120 45.0
ZnO [21] MB 40kHz, 150 W 120 38.0
ASP-AgNPs RB 59 kHz, 300 W 120 96.1
(Present) MB 59 kHz, 300 W 120 95.2
MO 59kHz,300W 120 93.5

under the action of the ultrasonic field, and when the energy reaches a
certain threshold, the cavitation bubbles collapse sharply and close
[9-11].

Due to their large surface area, high adsorption performance [12],
low diffusion resistance [13], and fast equilibration rates [14], there has
been increasing interest in nanoparticles (including Ag, ZnO, TiO,, etc.)
for removing dyes from wastewater over the past decade [15,16]. In
general, many articles usually investigate the ultrasonic catalytic and
photocatalytic degradation of organic dye solutions by various nano-
particles at present. Li, Y. et al. synthesized KNbO3/ZnO nanocomposites
and used them to simulate the piezoelectric/photocatalytic degradation
of MO under sunlight and ultrasonic vibrations [17]. Li, Z. et al. syn-
thesized Ag/PbBiO»l nanocomposites for the first application in the
piezoelectric catalytic degradation of RB under ultrasonic vibration
[18]. Wang, L. et al. synthesized a novel piezoelectric catalyst CoOy
nanoparticles anchored BiFeO3 nanodisk composite by photodeposition
and applied it to the piezoelectric catalytic degradation of RB under
ultrasonic vibration [19]. Zheng, S. et al. synthesized a novel ternary
piezoelectric catalyst MoOx/ZnS/ZnO by a one-step method, and the
composite catalyst exhibited excellent piezoelectric catalytic activity
under ultrasonic vibration (40 kHz) [20]. In particular, the role of silver
nanoparticles (AgNPs) has been exploited in dyes removal. Because of its
excellent physical, chemical and biological properties, silver nano-
particles are used in all walks of life [23,24]. In addition, AgNPs can be
used for sterilization and antibacterial, which is beneficial to their
application in wastewater treatment [23-25]. The problem is that the
release of AgNPs into the environment during application cannot be
completely avoided. After AgNPs enter the organism, the silver ions
released from their surface can cause significant toxic damage to cells,
tissues and organs [26]. So, it is necessary to reduce the negative impact
of AgNPs on biological systems. Green synthesis of nanoparticles using
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plant polysaccharides to reduce metal salts can produce more highly
efficient nanoparticles than other methods [27,28]. In addition, this
method can control the synthesis of nanoparticles to provide suitable
nanoparticle shapes and sizes [29,30]. It eliminates the use of additional
stabilizers in the physical and chemical synthesis process, and its most
significant advantage is that it allows the continuous production of
nanoparticles over a while [31]. To catalyze the degradation of organic
dyes in water under sonication conditions, a novel biocompatible com-
posite silver nanomaterial was synthesized by ASP via the hydrothermal
method in this paper. As shown in Table 1, ASP-AgNPs worked better
than many various catalysts in terms of degradation rates, indicating its
great potential power.

2. Materials and methods
2.1. Chemicals

Angelica sinensis polysaccharide of 99% purity were purchased from
Yuanye Bio Itd. from China. Silver nitrate (AgNOs), sodium citrate and
ethanol were purchased from Sinopharm Chemical Reagent Co., ltd. of
China. And the deionized water was used for the experiments. The three
organic dyes are from Shanghai Macklin Biochemical Co., 1td.

2.2. Apparatus

ASP-AgNPs were prepared by using an electric thermostatic mag-
netic stirrer (SH21-1, Shanghai Meiyingpu Instrument and Meter
Manufacturing Co., 1td.), a vacuum drying oven (DAF, Beijing Kewei
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Fig. 2. The schematic diagram of the formation process of ASP-AgNPs.
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Fig. 1. The schematic diagram of the ultrasonic degradation device.
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Fig. 3. UV-vis absorption spectra of ASP-AgNPs for various reaction parameters (a) AgNO3 concentration, (b) ASP concentration, (c) reaction temperature, (d)
reaction time. The prepared AgNPs dispersions are shown correspondingly in the upper right inset of the spectra.

Yongxing Instrument Co., Itd.) and a ver-satile compact centrifuge
(Himac CF 16RX, Koki Holding Co., ltd.). Field emission scanning
electron microscopy (FE-SEM, Nova NanoSEM 450, FEI) and energy
dispersive spectroscopy (EDS) were used for observational studies. Dy-
namic light scattering (DLS) results were measured using a laser particle
sizer (Nano Brook Omni, Brookhaven, USA). The UV-vis adsorption
parameters were measured by a UV-vis spectrometer (UV1901PC,
Austrian Scientific Instruments, Shanghai, China). The FT-IR spectra
were measured on a FT-IR spectrometer (Bruker Vertex 70). The XRD
patterns were examined by an X-ray diffractometer (Bruker D8 Advance)
with a tube current of 30 mA and a voltage of 40 kV (Cu Ko, A = 0.15418
nm). Digital display electric stirrer (JJ-1A, Xicheng Xinrui Apparatus
Factory of Jintan District) and frequency conversion ultrasonic cleaner
(SB-5200DTS, Ningbo Scientz Biotechnology Co., 1td.) were used for
degradation experiments. The dyes were irradiated by UV lamp (100 W)
for photocatalytic reaction. The finite element simulation of acoustics
was performed using COMSOL Multiphysics 5.6 ® software on the
computer. GC-MS (ISQ Trace 1300, Thermo Fisher Scientific Co., 1td)
was used to detect degradation intermediates.

As shown in Fig. 1, the ultrasonic degradation of dyes was carried out
in this device. In this experiment, different concentrations of APS-AgNPs
catalysts (10 mL) were added into different concentrations of organic
dye solutions (250 mL) respectively. After ultrasonic treatment at

different frequencies for a certain time, 3 mL of samples were taken out
at different time intervals and their UV-vis absorption spectra were
measured, and then all the floating catalysts were extracted with a
centrifuge. All experimental temperatures were controlled at 20 °C +
1 °C by the ultrasonic cleaner.

In the degradation theory confirmation experiment, the dyes were
added to different catalytic materials after a certain time of UV radiation
treatment and the samples were taken out separately to measure their
UV-vis absorption spectra. The dye solutions after the ultrasonic
degradation for 2 h were analyzed by GC-MS with full scan mode and
split injection mode (60 m x 0.25 mm X 0.25 pm, 80 °C (hold for 2 min)
to 240 °C (hold for 6 min), 5 °C/min,). The vaporizer temperature is
250 °C. The split ratio is 1: 100 and a constant flow of nitrogen at 1.0
mL/min. The degraded water samples were extracted by dichloro-
methane, followed by rotary evaporation, and finally purged with ni-
trogen and silylated.

In this preparation procedure, plenty of ASP was dissolved in 500 mL
deionized water with stirring at ordinary temperature for 30 min to
obtain a saturated solution. And then, the ASP solution was subjected to
centrifugation to remove excess undissolved solids. Afterwards, 40 mL of
freshly prepared aqueous AgNO3 solution (300 mM) was added into the
ASP solution. The reactive system was held at a constant temperature
with magnetic stirring in a thermostatic water bath. To make further
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Fig. 4. Field emission scanning electron microscopy (FE-SEM) images and corresponding size distributions of (a) ASP-AgNPs, (b, c) ASP-AgNPs colloidal dispersions,

(d) ASP-AgNPs colloidal dispersions with lower voltage.
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Fig. 5. Energy dispersive spectroscopy (EDS) analysis image for detecting el-
ements of ASP-stabilized AgNPs.

Table 2
Energy dispersive spectroscopy (EDS) analysis results for detecting elements of
ASP-stabilized AgNPs.

Element unn. C [wt.%] norm. C [wt.%] Atom. C [at.%] Error [wt.%]
47Ag 65.34 55.18 49.08 2.75
C 25.24 24.3 47.47 2.04
80 3.81 1.92 3.45 0.51

exploration for the optimal reaction conditions, the reaction was sys-
tematically studied by varying the initial AgNOgs concentration from 0 to
50 mL, initial ASP concentration from 0 to 7% (w/v), reaction time from
0 to 6 h, reaction temperature from 40 to 90 °C. The resulting solution

was dialyzed via MW 1000 dialysis membrane in double-distilled water
for 24 h with water replaced every 8 h to remove unreacted AgNO3. And
then, the obtained colloidal dispersions were stored at ordinary tem-
perature before use. The resulting colloidal dispersions were centrifuged
at 8000 rpm and filtered. Finally, the precipitate was firstly washed with
ethanol, and then washed several times with deionized water and
collected.

The UV-vis absorption spectra were confirmed using a UV-vis
spectrometer which with the quartz and the 1 cm optical path length
cuvette. It was used to monitor the progress of the reaction under the
different experimental conditions described above. After dropping ASP-
AgNPs on silicon wafers, their morphology and structure were recorded
by field emission scanning electron microscopy (FE-SEM), and energy
dispersive spectroscopy (EDS) was also performed. Use dynamic light
scattering (DLS) to measure relevant parameters of ASP-AgNPs. The
crystal structure and crystalline phases of ASP-AgNPs were determined
using XRD analysis in the wavenumber range of 4000-400 cm ™" with a
resolution of 4 cm ™! in the wave number range of 4000-400 cm ! with a
resolution of 4 cm ™1, By using FT-IR with a scan speed of 10° min and a
20 range of 10°-80° angle, the differences between ASP and ASP-AgNPs
were further explored from the perspective of functional groups.

3. Result and discussion
3.1. Results of characterization

Polysaccharides are polymers consisting of aldoses or ketoses linked
by glycosidic bonds. In this experiment, ASP was used as a reducing
agent to reduce silver ions (Ag™) to form stable AgNPs. Fig. 2 shows the
stabilization process of silver nanoparticle formation. ASP is composed
of homogalactan and homoarabinan containing a large number of hy-
droxyl groups. Then, after heating, Ag" is reduced to silver atoms.
Immediately, the silver atoms are attracted to each other to form clusters
and further aggregate to form nanoparticles, which are subsequently
encapsulated by ASP [32,50].
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Table 3
Summary statistics report on the DLS detection results of ASP-AgNPs.
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Sample Eff. Diam. (nm) Polydispersity Count Rate (keps) Data Retained (%) Diffusion Coeff. (x10~8 cm?/s)
1ASP-AgNPs 95.95 0.0214 519.0 100.00 4.846
2ASP-AgNPS 90.04 0.0300 494.1 97.21 5.164
3ASP-AgNPs 98.27 0.0221 478.6 95.87 4.732
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Fig. 6. (a) XRD patterns of ASP-AgNPs. (b) FT-IR spectra of AgNPs and ASP-AgNPs.

When light is totally reflected on the surface of prism and metal film,
it will form evanescent wave and enter into light sparse medium, and
there is a certain plasma wave in metal medium. And when the
evanescent wave resonates with the surface plasma wave, the detected
reflected light intensity will be greatly weakened [33,34]. So, surface
plasmon resonance (SPR) peak can be detected in silver [34]. The SPR
peak of synthesis of ASP-AgNPs was confirmed using a UV-vis spec-
trometer in the range of 300-800 nm and further confirmed by visual
observation of color changes [18,35,36]. In Fig. 3, all dispersions show
characteristic SPR peaks close to 425 nm after a period of reaction be-
tween ASP and AgNOj; in different preparation conditions, indicating
the formation of smaller suspended particles [37-39]. The higher the
SPR peak, the smaller the particle size of AgNPs and the closer the so-
lution is to the colloid. The color of the dispersions changed significantly
and gradually deepened from pale yellow. In Fig. 3a, the initial reaction
concentration of Ag" is variable, which indicates that higher yields of
ASP-AgNPs can be obtained at a higher Ag" concentration [40,41]. The
concentration of ASP was changed in the experiment in Fig. 3b. There
was no SPR absorption band when the ASP concentration was zero,
indicating that silver nanoparticles could not be formed in the mixed
solution without ASP. In the reaction system, the yield of ASP-AgNPs
increased with increasing ASP content. In addition, temperature and
reaction time also affect the yield of ASP-AgNPs. From the results, the
reaction fails to proceed at temperatures below 70 °C (Fig. 3c). Under
suitable conditions, ASP-AgNPs appeared after 2 h of reaction (Fig. 3d).

The morphology of the ASP-AgNPs was studied by scanning electron
microscopy (Fig. 4). The surface morphology of the ASP-AgNPs
precipitated was shown to resemble spheres and exhibited nano-
particles with a size of about 10 nm (Fig. 4a). But after dispersing the
precipitation of the ASP-AgNPs in deionized water, ASP-AgNPs are
gathered into irregular clusters (Fig. 4b) [42-44,48]. From Fig. 4c, it can
be observed more clearly that the shape of an ASP-AgNPs cluster is
irregular. Fig. 4d shows the morphology of the ASP-AgNPs cluster
scanned with an electron beam at a lower voltage, which was covered by
visible ASP on the external surface [45-47].

The detection results of the energy dispersive spectroscopy (EDS)
shows that the point selected in Fig. 4d contains the characteristic X-ray
photon energy of Ag (Fig. 5). The results of the elemental tests were
listed in Table 2, including the measured percent of elemental mass, the
normalized percent of elemental mass, the normalized percent of atoms,
and the error in the percent of mass. The presence of carbon, oxygen,
and silver elements in the detection point. The trace amounts of carbon
and oxygen elements are from the ASP. Table 3 shows the DLS detection
results of three samples of ASP-AgNPs from the three separate
experiments.

Fig. 6a shows the XRD patterns of ASP-AgNPs. ASP-AgNPs exhibit
distinct characteristic peaks at 20 = 27.4°, 38.1°, 43.5°, 64.1°, and 77.3°
corresponding to (400), (111), (200), (220), and (311) Miller indices
of face-centered cubic AgNPs crystals [40,49,52]. The absence of any
impurities and diffraction peaks of secondary phases confirms the pro-
duction of high purity AgNPs [53]. The FT-IR spectra (Fig. 6b) show that
the band of ASP-AgNPs is shifted or broadened compared to ASP. In the
FT-IR spectra of the synthesized ASP-AgNPs, the main absorption band
appears at 3580 cm ™, which proves that hydrogen bonding is respon-
sible for the formation and stabilization of AgNPs. For the ASP-AgNPs
nanocomposites, the band belonging to 1721 cm ™! is left-shifted and
the intensity increased by comparison with ASP. This conversion in-
dicates that the carbonyl groups of aldehydes and ketones from ASP
changed into the carbonyl groups of carboxylic acids from ASP-AgNPs
[51,54,55].

3.2. Ultrasonic degradation performance

The UV absorption spectra of various dyes after different times of
sonication with ASP-AgNPs are demonstrated in Fig. 7a, c and d. The
ultrasonic catalytic degradation rate (%) of ASP-AgNPs on dyes was
calculated using Equation (1), where 7 is the degradation rate, Cy is the
initial dye concentration and C; is the residual dye concentration. The
Beer-Lambert formula (Eq. (2)) was used to calculate the concentration
of the dye solution from the absorbance [56]. Where A is the absorbance
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and T is the transmittance. K is the molar absorption coefficient, which is To make the calculated concentrations more reliable, the absorbance
related to the properties of the absorbing substance and the wavelength comparison method of standard curves of different concentrations of dye
4 of the incident ray. where b is the thickness of the absorbing layer and ¢ solutions was also applied. A certain amount of dye solution with an
is the concentration of the absorbing substance. initial concentration of 1 x 10~* mol/L was pipetted and diluted to
C — C obtain a series of aqueous solutions with gradient concentrations (2 ~
n = % x 100 % (€8] 14 pmol/L), and a standard curve was plotted [56].
0
1 3.2.1. Sonocatalytic activity of ASP-AgNPs
A = 1°g]T = Kbe @ The catalytic degradation rates of different reactants under
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ultrasound (US) were compared to evaluate the superiority of the syn-
thesized ASP-AgNPs in terms of catalytic activity. From Fig. 7b, d and f,
it can be concluded that the degradation rates of Ag, ASP and ASP-
AgNPs were extremely low for all the dye solutions without ultrasonic
treatment. The weak adsorption of particles leads to a slight difference in
the concentration of the dye solution. And in the presence of ultrasound,
all catalytic materials showed promising degradation under the effect of
ultrasonic cavitation. In particular, the degradation rate was reduced
with ultrasonic adding ASP significantly. And after wrapping AgNPs,
APS could enhance the degradation rate of AgNPs. The high antioxidant
activity of APS is due to its rich content of aldehyde and ketone groups.
After the preparation step of ASP reduced AgNPs with stirring, the
aldehyde and ketone groups in APS changed to carboxyl groups. This
change increased the concentration of H' in the reaction system, which

promoted the proceeding of Eq. (6). FT-IR spectra (Fig. 6b) also can
support this conclusion. So, the ultrasonic degradation activity of APS-
AgNPs is higher than that of its synthetic fraction. Photocatalytic ex-
periments (Fig. 7g.) confirmed the catalytic effect of ASP-Ag on the dye
solution under UV light irradiation, excluding the interference of the
photocatalytic property of ASP itself. The ASP-AgNPs had a degradation
effect under UV irradiation for a certain period. And ASP alone showed
no significant degradation effect on all three dyes.

With the cavitation bubbles produced by the ultrasonic cavitation
effect collapsing instantaneously, the hot-spot and sonoluminescence
effect will be generated around themselves. The results of Noltingk and
Neppiras’ calculations showed that the hot-spot effect reaches a tem-
perature of 10000 K and a pressure of over 50000 kPa in the local area.
The H0 cleavage was induced to form OH° radicals by extreme condi-
tions of localized high temperature and pressure of the solution. In the
sonoluminescence effect, ASP-AgNPs were photocatalyzed with the
excitation of electrons from the valence band to the conduction band,
where electron-hole (e"—h™) pairs were generated and reactive oxygen
species (ROS) (including OH* and O3*) were produced through a series
of reactions. The specific reaction processes are given by Egs. (3)-(10)
[35]. Through the strong oxidation of OH* radicals, the dye molecules in
the wastewater were gradually oxidized and the chemical bonds were
broken, and the oxidation products (CO2 and H2O, etc.) were finally
obtained, thus realizing the degradation of dyes. The degradation
principle described above is shown in Fig. 8 [57].

Hot-spot

H,0 OH- + H 3)
ASP ... AgNPs Sonoluminescence e + Kt 4)
e + 0,— 0 )
0;- + ¢ + H'>HO,: 6)
HO,- + H,0 -»OH:- + H,0, @)
H,0,—-OH- + OH- (¥

RB/MB/MO + OH-—Intermediate products—CO, + H,O + etc. (9)

To demonstrate that OH* radicals are the main reactants driving the
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Fig. 10. Degradation rates of (a) RB, (c) MB, and (e) MO with different ASP-AgNPs concentration for 4 h (All concentrations of dyes are 10 mg/L, US frequency is 59
kHz). Degradation rates with different (b) RB, (d) MB, and (f) MO concentrations for 2 h (All concentrations of ASP-AgNPs are 0.4 g/L, US frequency is 59 kHz).

degradation of the dye solution, the radical scavenger isopropanol (IPA)
was added into the process of degradation reaction [5]. The results
exhibit a significant decrease in the degradation rates with IPA, as
shown in Fig. 9. After adding IPA, the degradation rate of the dye so-
lution was significantly reduced, proving that OH® is the dominant oxide
[27].

3.2.2. Effect of reactants concentration

In the system, the degradation speeds of all the dye solutions
increased gradually in the presence of ultrasound only. When a small
amount of ASP-AgNPs was added to the solution, the concentrations of
all three dyes decreased. And the degradation rate of the three dyes was
enhanced by continuing to increase the amount of ASP-AgNPs. The
higher the amount of ASP-AgNPs, the faster the speed of OH* production
by ultrasonic cavitation, which increases the degradation rate of dye
molecules [5,35]. Although the degradation rates of different ASP-
AgNPs dosages were different, the degradation speeds of RB, MB and
MO (Fig. 10a, c and e) could reach 96.1%, 95.2% and 93.5% after 2 h of
reaction, respectively. The relatively low degradation rate of MO may be
because MO is an azo-dye, which has N=N double bonds inside the

molecule that are difficult to oxidize [7]. The reaction continued to in-
crease the amount of ASP-AgNPs, which did not display an improved
catalytic efficiency. Because the excessive amount of ASP-AgNPs led to
the competition between the generated OH* and the dye molecules for
the reactive sites, part of the OH* was not able to decompose the dye
molecules before reacting with itself to form Oy and H20 [6,7,35]. In
addition, as the initial dye concentration increased, the degradation rate
and speed were faster for low dye concentration than for high dye
concentration (Fig. 10b, d and f). This indicates that the dye concen-
tration also affects the degradation rate and speed. When the concen-
tration of organic dyes is high, they adhere to the surface of ASP-AgNPs,
which is not conducive to forming cavitation bubbles, thus reducing the
degradation rate and speed.

3.2.3. Effect of ultrasonic frequency

The cavitation threshold P, is the minimum sound pressure ampli-
tude that causes the cavitation effect of the liquid and is given by Eq.
(10) [58,59].
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P, = Py — P, + 10

where Py is the static pressure of the liquid, P, is the vapor pressure, ¢ is
the surface tension of the liquid, and Rq is the initial radius of the
cavitation nucleus.

It is usually dependent on the ultrasonic frequency. Therefore, the
ultrasonic frequency is also an essential factor affecting the degradation
rate. Generally, the higher the ultrasonic frequency system input, the
higher the P, required, and the harder cavitation appears. In addition,
the increased ultrasonic intensity I is also beneficial to cavitation gen-
eration. It can be expressed in Eq. (11) [58,60].

PZ
2pyco

1D

where ¢y is the speed of sound in the medium, ¢ is the average sound
energy density, po is the liquid density, and Py, is the sound pressure
amplitude. From Fig. 11a-c, it can be seen that the degradation rate
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tends to increase gradually with the increase of ultrasonic irradiation
time. But the optimal ultrasonic frequency is 59 kHz instead of 20 kHz.
For clarification, the sound pressure in the system was calculated using
COMSOL Multiphysics 5.6 ® physical field pressure acoustic frequency
domain section. The degradation system is composed of a three-necked
round-bottom flask (reaction vessel, Rf = 0.045 m) and an ultrasonic
cleaner (ultrasonic emission device, with water, 0.3 m X 0.24 m x 0.12
m) (Fig. 11d.). There are 6 ultrasonic probes (the ultrasonic power is 50
W each, R, = 0.03 m) at the bottom of the ultrasonic cleaner. The liquid
level inside and outside the flask is the same. Fig. 11e-h show the results
of scanning at different ultrasonic frequencies. Different frequencies of
ultrasonic waves can cause positive and negative sound pressure in the
flask and the amplitudes of sound pressure all reach 10° orders of
magnitude or more. Among them, the sound pressure can reach 10°
orders of magnitude when the frequency is 59 kHz. This is consistent
with the experimentally obtained results.

3.2.4. Potential intermediates and processes

At the set reaction time, the degraded dye solutions were sampled
and analyzed by GC-MS. The mass spectral information of some

b 100 T

—=—80KHz 2
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804 —* 40KHz o
= —v—25KHz
£
=
§ 60 1
=
2
< 404 4
£
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20 1 8
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Fig. 11. Degradation rates of (a) RB, (b) MB, and (c) MO with different US frequency for 2 h (All concentrations of dyes are 10 mg/L, concentrations of ASP-AgNPs
are 0.4 g/L). (d) Model and boundary conditions for simulation. Sound pressure distribution of the system at different ultrasonic frequencies ((e) 25 kHz, (f) 40 kHz,

(g) 59 kHz and (h) 80 kHz).
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Fig. 11. (continued).

intermediates produced during the ultrasonic degradation of the dye
solution is listed in Table 4. All concentrations of dyes are 10 mg/L,
concentrations of ASP-AgNPs are 0.4 g/L and US frequency is 59 kHz.
The solution after 2 h reaction was pretreated for GC-MS.

According to Table 4, the potential routes for the degradation of the
three dyes are presented in Fig. 12. The analytical results of some in-
termediates and mass spectra confirmed the possibility and rationality of
ultrasonic catalytic degradation routes for these three dyes.

3.2.5. Recycling capacity of ASP-AgNPs

The recyclability of catalysts is an important indicator of material
sustainability. The recyclability of the ASP-AgNPs catalyst was investi-
gated by repeated catalytic degradation tests of the dyes RB, MB and MO
in the presence of ultrasound. The degradation rate of ASP-AgNPs cat-
alysts remained 73.1% for RB, 70.5% for MB, and 65.5% for MO after 10
cycles (Fig. 13), which was possible because of trace loss of ASP-AgNPs
catalysts during the washing. On the whole, ASP-AgNPs have high sta-
bility and recyclability, meeting the requirements for sustainable and
recyclable materials [61].

4. Conclusions
In summary, AgNPs were successfully synthesized by a convenient

thermochemical method, ASP as a stabilizer and reducing agent. The
effect of different initial conditions on the particle size of ASP-AgNPs

10

was explored, and various techniques demonstrated the formation of
ASP-AgNPs. In the degradation experiments of three different dyes, both
ASP-AgNPs and ultrasound play a significant role in the degradation
process. In addition, the presence of ASP enhances the acoustic catalytic
degradation efficiency of AgNPs, and the degradation effect of single
ASP-AgNPs is much greater than that of a simple mixture of ASP and
AgNPs. The optimal conditions for the experimental reactions were
derived by specific experiments together with the theoretical analysis of
COMSOL Multiphysis@ software simulations. The degradation rates of
0.4 g/L ASP-AgNPs to 10 mg/L dyes were 96.1% (RB), 95.2% (MB) and
93.5% (MO) with an ultrasonic frequency of 59 kHz at 20°C, respec-
tively. It indicates that ASP-AgNPs have good catalytic ability. And then,
the mechanism of ultrasonic degradation is the cavitation of the hot-spot
effect and sonoluminescence effect. The OH* generated by cavitation can
efficiently oxidize the dye molecules and was confirmed by IPA radical
trapping experiments. Intermediate products of dyes degradation and
possible degradation routes are proposed. Finally, the ASP-AgNPs
showed good cyclability for all three dyes after 10 cycles. Therefore,
this study provides a new method for the preparation of efficient,
environmentally friendly, safe and valuable new bio-substrate compos-
ite AgNPs catalytic materials.
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Data of mass spectral peaks for some intermediates in ultrasonic degradation process.
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Type intermediate Retention time (min) molecular weight (g/mol) molecular structure
RB C7HgO2 10.50 122 o]
doH
C;HoON 10.61 123 _NH,
[ ]’ O
C7HgO3 13.27 138 OH
@O
OH
CgH405 15.64 148 o
ié o
(o}
CgHgO4 17.88 166 OH
E i |
HO [¢]
CgHgO4 18.67 166 o
OH
HO
o
MB C¢H;ON 9.05 109 HO
HQN\©
CeHgO2 10.21 110 0
d*o
CeH70,N 15.85 125 NH,
HO
CgH130oN 13.32 131 o]
/\/\HKOH
NH,
C7H7NS 16.26 137
CeHeO4 15.71 142
MO CeHe 5.39 78
CeH,N 7.20 93
CeHeO- 8.97 110
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Table 4 (continued)

Type intermediate Retention time (min) molecular weight (g/mol) molecular structure

CeHeO4 16.11 142

CgHy1N3 16.58 149
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