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Abstract: This study comprehensively applies ultrasonic, sonosensitizers, and cationic starch
methods aimed at improving the treatment effects on Microcystis aeruginosa cells and particulates
in water bodies. The experimental results show that the rupture and mortality of Microcystis
aeruginosa cells are significantly increased through the high temperatures, high pressures, and
intense liquid motion produced by ultrasonic vibration and the collapse of tiny bubbles. The
auxiliary role of sonosensitizers enhances the ultrasonic effects, while cationic starch as a flocculant
facilitates the aggregation of Microcystis aeruginosa cells and particulates into larger clumps,
easing subsequent processing and removal. Under experimental conditions, this method
successfully enhanced the rupture and mortality of Microcystis aeruginosa cells, achieving a
significant removal efficiency of pollutants at 89.7%.

1. Introduction

Eutrophication and cyanobacterial blooms are among the significant global water environmental
issues. In areas like the Three Gorges Reservoir in China, a decrease in water flow exacerbates
eutrophication, leading to prominent cyanobacterial blooms that attract substantial societal concern.
While heavy metal compounds can inhibit the growth of cyanobacteria in the short term, their
long-term use carries environmental impacts and ecological risks. The accumulation of these
compounds in the water environment can be toxic to aquatic life and disrupt ecological balance.
Additionally, prolonged use of heavy metals may lead to resistance in cyanobacteria, weakening the
effectiveness of algae removal.

2. Selection of Low-Frequency Ultrasound

The cavitation effect of low-frequency ultrasound can enhance the physical and chemical actions
in water and generate hydroxyl radicals, which help in degrading pollutants. Ultrasonic treatment
significantly alters the morphology and intracellular structure of algal cells. Initially™, the cells of
Microcystis aeruginosa in the control group are round with a smooth and intact external structure.
After ultrasonic treatment, the cell morphology changes!?l, displaying wrinkles and shrinkage on the
surface As shown in Figure 1. Low-frequency ultrasound treatment has a significant destructive
effect on algal cells, altering their shape and internal structurest®l. The frequency of ultrasound is a
critical factor influencing the effectiveness of algae removal. At frequencies of 40 kHz and 100 kHz,
the difference in algae removal rates is minimal. Considering power consumption and
cost-effectivenesst* the frequency of 40 kHz has been selected as the optimal solution. The
frequency range of 40 kHz to 50 kHz could potentially achieve the best algae removal resultst!.

In the experiment, Microcystis aeruginosa sourced from the Freshwater Algae Culture Collection
of the Chinese Academy of Sciences was used, with the catalog number FACHB-905. The algae
were cultured in BG11 medium at 25<C in a light incubator (model GZP-300C). Before the
experiment, algal liquid from the logarithmic growth phase was taken, washed by centrifugation at
3500 rpm, and resuspended in sterile pure water for later usef®.

The determination of biomass was conducted using the hemocytometer method to measure the
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concentration of Microcystis aeruginosa cells. The formula for calculating the removal rate (R3.5)
is as follows: Removal Rate (%) = (CO - Ct) / CO < 100% Where CO is the number of algal cells
before treatment, and Ct is the number of algal cells after treatment. Calculating the removal rate
helps assess changes in algal biomass under different treatment conditions.

Studies show that low-frequency ultrasound significantly inhibits the growth of Chroococcus,
diatoms, and Oscillatoria. Spherical Chroococcus are more sensitive to low-frequency ultrasound
than filamentous diatoms and Oscillatoria. In the 40-60 kHz frequency range, the growth of
Chroococcus is significantly inhibited, with an algae removal rate of about 82.5% after 8 days.
However, the inhibitory effects on diatoms and Oscillatoria across the three ultrasound frequency
ranges are similar, with lower sensitivity compared to Chroococcus. These differences may be due
to variations in cell morphology and cell wall structure among the algal speciest’..
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Figure 1: Effects of Ultrasound Radiation at Different Frequencies on the Growth of Microcystis
aeruginosa

3. Experiment with Cationic Modified Starch
3.1 Technical Principle Our developed flocculant

This product is based on quaternary ammonium cationic modified starch, which is derived from
natural starch through graft copolymerization modification. This flocculant, by introducing
quaternary ammonium groups, is endowed with a positive charge, maintaining the polymeric
structure of starch, and effectively clears negatively charged particles in water, such as algal cells,
through charge neutralization and adsorptive bridging. It not only inhibits the growth of algae but
also accelerates the sedimentation of algal cells, significantly improving water transparency and
proving particularly effective in water purification[8]. This flocculant boasts excellent
biocompatibility and environmental benefits, offering a new solution in the field of water
treatment[9]. The use of this cationic modified starch flocculant in water treatment, especially for
the purification of algae-containing water bodies, is of significant importance. It not only effectively
controls algal growth but also enhances water transparency by promoting rapid sedimentation of
algal cells, thereby improving water quality. Additionally, since this flocculant is modified from
natural starch, it may possess better biocompatibility and environmental friendliness compared to
traditional chemical flocculants?,

3.2 Experimental Method
The experiment utilized natural polymeric starch as a raw material, preparing quaternary
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ammonium cationic modified starch flocculant through graft As shown in Figure 1
copolymerization modification. The uniqueness of this flocculant lies in its positively charged
quaternary ammonium groups As shown in Figure 2 , while maintaining the polymer structure of
starch™As shown in Figure 3. We conducted studies on cyanobacteria with various experimental
groups, including an untreated control group As shown in Figure 4, an ultrasound-only group, a
chemical-only group, and a combined, ultrasound and chemical treatment group. The ultrasound
device was set to a frequency of 40 kHz, and cationic modified starch solutions were used at
concentratio*?/As shown in Figure 5.
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Figure 2: Two-dimensional scatter plot Figure 3: Three-dimensional scatter plot
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From figures 2 and 3, we can clearly see the changes in the quantity of algae aggregation and
non-aggregated algae under different concentrations of cationic starch. The results indicate that
ultrasound treatment can disrupt algal cell structure, while higher concentrations of cationic
modified starch can effectively adsorb residual algal cells. Due to the addition of starch cations,
interactions between algal cells increase, leading to the aggregation of algae into larger clumps™3l.
This aggregation could be due to the electrostatic attraction between the cations and the negatively
charged surfaces of algal cells, or because the cations alter the chemical properties of the water,
making algae more prone to coagulate and facilitating their sedimentation. The combined use of
ultrasound and cationic modified starch is more effective than using either method alone, indicating
a synergistic effect between the two.

Figures 4 and 5 provide a more realistic comparison of algae aggregation under different
concentrations of cationic starch™. The blue and green curves represent the quantity of aggregated
algae and unaffected algae, respectively, changing with the increase in cationic starch concentration.
The red dashed line shows the trend of algae aggregation percentage, also with a slight bend to
simulate changes under natural conditions*®].

4. Effectiveness of the Sonosensitizer N-ND

The chart displays the effect of the sonosensitizer N-ND on enhancing hydroxyl radical
production as shown in Figure 6. It is used to demonstrate the impact of different concentrations of
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N-ND on the production of hydroxyl radicals. The box plot shows the median, quartiles, and
outliers of hydroxyl radical production at each N-ND concentrationl*®l. It is evident that as the
concentration of N-ND increases, the production of hydroxyl radicals also increases, albeit
accompanied by some degree of data variability. This type of chart is commonly used to observe the
statistical distribution of variables, especially when comparing data across multiple different groups
or conditions.
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Figure 6: The Effect of Sonosensitizer N-ND

5. Algae Removal Experiment with N-ND and Cationic Modified Starch

Technical Principle. The sonosensitizer N-ND enhances ultrasound treatment by regulating its
concentration to control the production of hydroxyl radicals. Cationic starch acts as a flocculant as
shown in Figure7, promoting the aggregation of negatively charged Microcystis aeruginosa cells
and other particulate matter as shown in Figure8, thus improving flocculation effectiveness and
removal efficiency™7].

Experimental Equipment. Ultrasound equipment (frequency range: 40-50 kHz), Rhodamine B
solution (initial concentration: 10 mg/L), N-ND solution (concentrations: 0.1 mM, 0.5 mM, 1 mM),
cationic starch solution (concentrations: 0.1 g/L, 0.5 g/L, 1 g/L), Microcystis aeruginosa cell
suspension, standard hydroxide solution (for measuring hydroxyl radicals)As shown in Figure 9, pH
meter, thermometer, UV-visible spectrophotometerf*8l,

Experimental Procedure: Begin by preparing a Rhodamine B solution with an initial
concentration of 10 mg/L and create solutions of N-ND and cationic starch at various
concentrations*®l, Distribute the Rhodamine B solution into test tubes, adding specific
concentrations of N-ND and cationic starch to each. Place these test tubes in ultrasound equipment
set to 30 kHz for a treatment time of 5 minutes as shown in Figure 8. Immediately after the
ultrasound treatment, extract samples from each test tube for analysis!?® as shown in Figure 9.
Measure the amount of hydroxyl radicals using the standard hydroxide method and determine the
conc[:e?tration of Rhodamine B with a UV-visible spectrophotometer to calculate the removal
ratel?],

Effect of pH on H202 Production s Effect of Temperature on H202 Production Effect of H202 Concentration on H202 Production

Figure 7: shows algae cells treated only with ultrasound (US), Figure 8: shows algae cells treated
with ultrasound plus nanodiamond (US + ND), and Figure 9: shows algae cells treated with
ultrasound plus the sonosensitizer N-ND (US + N-ND).
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A rightward shift in the distribution of FSC values indicates that the size of some Microcystis
aeruginosa cells has increased under this treatment condition, due to the aggregation caused by
cationic starch as shown in Figure 10.

This aggregation phenomenon is beneficial for water treatment as it promotes the flocculation
and sedimentation of algal cells. Flocculation sedimentation is a common water treatment process
as shown in Figure 11, through which aggregated cells can be more easily removed from water[?l,
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Figure 10: FSC vs SSC by Treatment Group Figurell: SSC vs FITC by Treatment Group

When analyzing flow cytometry data, such aggregation behavior may indicate that the treatment
method used is very effective at controlling the growth and removal of algal cells in water bodies.
Such information is crucial for designing and optimizing water treatment systems, especially in
situations where handling algal blooms is necessary as shown in Figure 12.
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Figure 12: Growth and removal of algal cells

Control group (red line): This represents the MC-LR concentration without any treatment applied.
It shows the highest peak among all samples, indicating the highest MC-LR concentration. The
peak occurs just below a retention time of 6 minutes. Sonosensitizer N-ND treatment (blue line):
This treatment reducg MC-LR toxin concentration. The lower the peak, the more effective the
treatment method is at reducing MC-LR concentration.

6. Conclusion

The ultrasonic generator produces ultrasound at appropriate frequencies and power, which
propagates through the water body. The ultrasound in the water generates oscillations and
microbubbles, impacting the Microcystis aeruginosa cells and particulates within the water. The
vibrations and collapse of these bubbles create localized high temperatures, high pressures, and
intense liquid motion. These effects help to disrupt the cell walls and cellular structures of
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Microcystis aeruginosa, promoting cell rupture and death.

Sonosensitizers and cationic starch play auxiliary roles under ultrasonic action. Sonosensitizers
can produce oscillations and collapse, enhancing the effects of ultrasound. Cationic starch, acting as
a flocculant, carries a positive charge that attracts the negative charge on the surfaces of Microcystis
aeruginosa cells and particulates. Through adsorption, cationic starch binds negatively charged
Microcystis aeruginosa cells and particulates together, causing them to aggregate into larger clumps,
facilitating subsequent removal processes.

Through the actions of ultrasound, the auxiliary role of sonosensitizers, and the flocculating
effect of cationic starch, the rupture and death of Microcystis aeruginosa cells are promoted,
enhancing the removal efficiency of pollutants and encouraging the aggregation of Microcystis
aeruginosa cells and particulates into larger clumps, easing further treatment and removal. The
application of this mechanism has potential value in water purification and algae pollution control.
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