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Abstract: For effective ultrasonic algae removal, several studies have considered the ultrasound
equipment linked factors, such as power and frequency. However, studies on the response of mixed
algal cultures and associated water quality parameters to ultrasound are limited. In this lab-scale
sonication, the removal of cyanobacteria at a pre-set frequency of 200 kHz on mixed algae suspensions
collected from a eutrophic lake was investigated. The caution (17.5 µg/L) and outbreak (1450 µg/L)
alert levels in terms of chlorophyll-a (Chl-a) concentrations of the initial samples were each sonicated
for 10, 15, and 20 min, and then kept in an incubator. Fifteen minutes of sonication resulted in best
removal efficiency of 0.94 and 0.77, at an ultrasonic dose of 30 kWh/m3 at the outbreak and caution
level concentrations, respectively. Immediately after 15 min sonication, and after standing in the
incubator for a day, chlorophyll-a removal efficiencies of 0.28 and 0.90 were achieved in the outbreak
level, respectively, and the matching removal efficiencies for the caution level were 0.23 and 0.64.
Even though the removal was substantial in both cases, the final 147 µg/L chlorophyll-a concentration
of the outbreak, which is itself still in the outbreak level range, shows that ultrasonication is not
effective to satisfactorily remove algae from a concentrated suspension. Total dissolved nitrogen
and chemical oxygen demand were reduced, overall, due to sonication. However, total dissolved
phosphorus of the concentrated level was increased during the treatment. Although sonication
needs further replicated experimental testing in whole-lake systems, our results show that 200 kHz
sonication was able to reduce chlorophyll-a concentrations in small-scale laboratory tests.
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1. Introduction

Eutrophication is perhaps the greatest threat to water quality globally [1,2]. Specifically,
the gradual enrichment of surface water with plant nutrients, mainly nitrogen and phosphorus,
has resulted in shifts from systems dominated by rooted aquatic plants to systems that are dominated
by algae suspended in the water column [3,4]. Moreover, long water residence times, due to operational
procedures applied to reservoirs, encourage internal nutrient release and, thus, cause regulated river
waters to suffer from eutrophication [5,6]. This has already worried ecologists in South Korea, where
reservoirs and regulated rivers are the major sources of freshwater. The control of eutrophication
involves nutrient source reduction measures, such as wastewater treatment, as well as interception
of non-point sources, and in-water methods, such as chemical treatment, bio-manipulation, artificial
circulation, aeration, and dredging [7–12]. The source reduction measures are not always feasible,
and they are basically effective only after a long time [13,14]. The in-water-treatment mechanisms
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considered so far are either costly, they possibly damage non-target aquatic organisms, or they are
applicable only to a small water body [13,15]. On the other hand, ultrasound can be a suitable method
to control algae blooms, provided that the optimum operating parameters are applied to ensure
an effective and energy efficient treatment [13,16]. Sonication has been the subject of research in algal
bloom control because it does not use chemicals and its treatment system is unique [17,18].

As the response to sonication depends heavily on ultrasonic factors, the experimental conditions
for ultrasound treatment must be carefully considered when the process is applied. The operating
conditions may affect ultrasound treatment performance in a positive or adverse way [19]. Ultrasound
frequencies, power intensity and duration of exposure have been considered to assess the impact
of sonication on water quality [20–23]. Studies on effect of frequency have shown that sonication
more effectively inhibits cyanobacteria at intermediate frequencies [18]. Moreover, lower frequencies
are desirable since their power consumption is comparatively less [24]. Specifically, ultrasound of
200 kHz has been shown to inhibit cyanobacterial proliferation most effectively, because it is close to
the resonance frequency of gas vesicles in the cyanobacteria [17,25–27]. Table 1 presents a summary of
the laboratory and field scale sonication research conducted so far to control algae and to improve
related water quality.

The ultrasonic power or intensity is another important factor worth mentioning. The input electric
power does not clearly indicate the ultrasonic power used for sonochemistry [28]. Thus, Joyce et al. [13]
and other researchers recommended the use of ultrasonic intensity (W/cm2) or ultrasonic density
(W/cm3), which is transducer dependent, to make sure that the specific power settings are compatible
to other ultrasonic systems. Additionally, for effective removal of algal in laboratory setup, sonication
duration ranging from several seconds to several h are reported [18,29]. Therefore, the efficient
exposure time of sonication to control algae is better determined using the particular ultrasonic
frequencies and intensities, and environmental conditions.

On the other hand, the few applications of sonication indicate that there is yet more investigation
work to be done before reliable-large-scale applications are ensured [29]. The authors of [30] reported
an unsuccessful field trial of ultrasound involving a combined technique, which was tested in a lake of
extremely high cyanobacteria concentration (5 × 106 cells/mL). It was suggested that the unit could
have been efficient had it been applied to a reservoir with low cell numbers, and thus, operated to
prevent bloom formation. In agreement with this, Li et al. [31] acheived more efficient removal for low
algae concentrations. The Korean alert level framework has been adapted and applied to this research
to make informed decisions on the use of ultrasound in controlling eutrophication. The caution and
outbreak levels of the Korea bloom alert system in terms of chlorophyll-a (Chl-a) are described to be
≥15, and ≥100 µg/L, respectively [32]. On the other hand, the investigation of the summer season
distribution of the cyanobacteria species in Korean lakes has shown Microcystis to be the dominant [33].
Buoyant cyanobacteria, such as Microcystis, float on the surface of water body to receive sufficient light
for photosynthesis. In this study, grab samples with concentrations in the different alert levels are
collected from the surface of a eutrophic lake, and treated in the laboratory.

The aim of this lab-scale study was to investigate the impact of sonication treatment at a pre-set
frequency of 200 kHz in 25 L volume of water. (1) The application of sonication based on detected
chlorophyll-a concentration was assessed; (2) the efficiency of the commercial ultrasonic device
in controlling algae was determined; and (3) the algae suspensions were treated by ultrasound,
then the perspective of the changes to nitrogen, phosphorus, and chemical oxygen demand (COD)
concentrations were also studied. The concentration and exposure duration were used to optimize the
process by analyzing the changes in the water quality in terms of Chl-a. The concentration of Chl-a is
generally in proportion to cell numbers, and Chl-a is one of the assessment methods which have been
used to quantify the ultrasonic effects on algal control [29,34,35]. The lab-scale study was conducted to
check the feasibility of a commercial ultrasound device for algal control before applied as a field test.
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Table 1. Summary of laboratory and field ultrasonication studies for algae removal and control.

Target Species Sonication Condition
(Frequency, Power) Study Scale (Volume) Treatment Duration Effect Ref.

Cyanobacteria and
other algae types 4 buoys (Not given) Reservoir (2.9 Mm3) 6 months Reduced taste and odor and algae levels; 22% reduction of alum dose

and 20 h longer filter run ($87,800 related operation costs saved). [16]

M. aeruginosa
Jet flow, flushing,

and 10 transducers
(100 W, 200 kHz each)

Lake (365,000 m3)
5 s contact time,

for 2 years

Chl-a and SS decreased, from 200 to 50 µg/L and 100 to 20 g/m3, res.;
however, following decrease in flushing rate, bloom reappeared
(130 µg/L Chl-a).

[25,26]

C. gracilis, C. calcitrans,
and Nannochloropsis sp.

0.02, 0.4, 1.0, 2.2, 3.3,
and 4.3 MHz, 10 W Lab Scale (100 mL) 0–10 min

Highest algae reduction efficiency at 2.2, 3.3, and 4.3 MHz for C. gracilis
(100% at 2 min), C. calcitrans (100% at 2 min), and Nannochloropsis sp.
(90% at 10 min), res.

[36]

Cyanobacteria and
other algae types 630 W, 22 kHz Pond enclosures (200 L) 40 s with 210 s gap,

for 7 days

Chl-a decreased from 111.3 to 32.5 µg/L after 3 days of sonication during
which that of control doubled. Sonication selectively inhibited
cyanobacteria compared to other algae cells.

[37]

Cyanobacteria
and diatoms

2 pumps with ultrasonic
apparatus (630 W, and 22 kHz)

Pond (9000 m3),
control (7000 m3)

7 weeks
Chl-a in treated pond remained low at 10 µg/L, while it increased in
control (20 to 87 µg/L). It increased in the treated pond, only when the
device stopped.

[38]

Anabaena sp., C. raciborskii,
M. aeruginosa, S. obliquus,

and D. magna
Mix of 20, 28, and 44 kHz, 26.4 W Lab scale (800 mL) 19, 10, 7, and 5 days

Chl-a of Anabaena decreased. However, no effect on C. raciborskii,
M. aeruginosa, and S. obliquus growth rates. Ultrasound killed all
Daphnia within 15 min.

[39]

Spirulina platensis Beaker system (1.7 MHz, 14 W)
and probe (20 kHz, 70 W) Lab Scale (800 mL) 0–9 min The inhibition at 1.7 MHz was 50% better than that at 20 kHz. 5 min

sonication at 1.7 MHz inhibited growth for 3 days. [40]

Filamentous
cyanobacteria

(Spirulina platensis)

200 kHz and 1.7 MHz, 40 W) and
(20 kHz, 0, 20, 40, 60, and 80 W) Lab Scale (800 mL) 0–10 min Inhibition most effective at 200 kHz and became saturated with the

increased power. [17]

Spherical shaped
(C. concordia) and ovoid

shaped (D. salina)

(20 kHz, 32.3 W), and (580, 864,
and 1146 kHz, 3, 20, and 60 W) Lab Scale (400 mL) 1–30 min Disruption efficiency of C. concordia was in the order of 20 < 580 < 864 <

1146 kHz frequency, and for D. salina was 20 < 580 ∼= 864 ≤ 1146 kHz. [41]

M. aeruginosa
20, 40, 580, 864, and 1146 kHz at

0.0178, 0.0213, 0.0018, 0.0042,
and 0.0026 W/cm3, res.

Lab Scale (200 mL) 0, 5, 10, 20, 30 min
The order of efficiency for algae reduction: 20 < 1146 < 864 < 580 kHz.
Ultrasound is suitable method for algae inactivation or control under
proper sonication conditions.

[13]

D. magna 20, 28, 36, or 44 kHz, 0.63 W Lab scale (100–3200 mL) 5–30 min Differently sized Daphnia (0.7–3.2 mm) were all killed between 5 and
30 min when exposed to 44 kHz. [42]

Green algae,
cyanobacteria

(with D. magna)
20, 28, 36, or 44 kHz, 0.63 W Lab scale (85 L) 25 days

In controls Daphnia flourished and algal biomass dropped. In the
treatment, Daphnia number extremely low and phytoplankton
biomass high.

[42]
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Table 1. Cont.

Target Species Sonication Condition
(Frequency, Power) Study Scale (Volume) Treatment Duration Effect Ref.

M. aeruginosa,
Peridinium sp.,
and B. braunii

29, 43, 108, 200 and 1000 kHz, 3 W Lab scale (30 mm scum) 0–10 min
200 kHz settled Microcystis scum successfully without cell disintegration,
and recommended for reducing microcystin and musty odor substances
of aquaculture ponds.

[27]

Microcystis aeruginosa 20, 580, and 1146 kHz,
0.0403 W/cm3 Lab scale (200 mL) 0–30 min 20 kHz ultrasound at high intensity (0.0403 W/cm3) was effective for

inactivation of cyanobacterial cells.
[23]

Cyanobacteria, Green
algae, Diatoms 28 and 40–50 kHz, 40 W Reservoir (0.8–1 Mm3) 5 months Inconsistent results with reductions across all algal groups in some cases,

but no overall effect in others. [43]

M. aeruginosa, A. flos-aquae,
S. subspicatus, and

Melosira sp.

Probe (20 kHz, 600 W) and
Multi-frequency type (582, 862,

and 1144 kHz, 200 W)
Lab scale (1500 mL) 5–500 s

High removal rate of A. flos-aquae (99%) and Melosira sp. (83%).
M. aeruginosa and S. subspicatus non-susceptible to ultrasound.
65% photosynthetic activity reduction of M. aeruginosa shows
possibility of controlling bloom growth.

[15]

M. aeruginosa Bath-type (21.5 kHz, 8.24 W) Lab scale (600 mL) 10 min Slight recovery of cells after 14 days of incubation proved that
ultrasound induced sedimentation is a long-term effect. [34]

Vacuolated (M. aeruginosa)
and vacuole negative

(Synechococcus)
1.7 MHz, 0.6 W/cm2 Lab scale 5 min every day,

for 4 days

Cavitation effect depended on intracellular gas-vacuoles. Compared to
control, 65% decrease in M. aeruginosa biomass increment, while no
effect on Synechococcus culture.

[44]

M. aeruginosa, A. circinalis,
and Chlorella sp.

Probe system (20 kHz, 0.085
W/mL) Lab scale (200 mL) 5, 10, 15, and 20 min The order of growth inhibition was: A. circinalis > M. aeruginosa >

Chlorella sp., demonstrating selectively removal of cyanobacteria. [24]

Blue-green algae and
M. aeruginosa 20–1100 kHz, 10–30 W Lab scale (2000 mL) 0–6 min At 20 kHz and 30 W, effective algae removal (96%) and significant

improvement of water quality achieved in 6 min. [31]

M. aeruginosa (with and
without gas vacuoles) Ultrasonic flow device (256 KHz) Lab scale (35 L) 9 days

Disruption of gas vacuoles (in gas-vacuole type) and destruction of cell
membranes (for those without). Chl-a was lower in both cases,
compared to controls.

[35]

More than 30 different
algae species 20–200 kHz, 12 W Fish pond (36 m3)

June–September and
October–November 2007

Efficient removal of planktonic algae, but flushing system required to
remove the sedimented algae. [45]

M. aeruginosa Probe system
(25 kHz, 0.32 W/mL) Lab scale (250 mL) 5 min Cell growth and extracellular microcystins release were

inhibited effectively. [46]

M. aeruginosa 20, 80 150, 410, 690, 1320 kHz,
32–80 W Lab scale (200 mL) 0–10 min High power and long duration increased microcystins, but frequency

had little impact. [22]

Blue green algae (BGA) 28 kHz, 120 and 1200 W Lab scale (700 mL) 0–5 min
Sonication collapsed gas vacuoles, precipitated BGA.
Microcystin concentration did not increase even at 1200 W,
28 kHz and 5 min sonication.

[20]

M. aeruginosa 150 kHz, 30 W Lab scale (1000 mL) 0–60 s Short sonication enhanced reduction of algae cells and Chl-a without
increasing concentration of microcystins. [47]

Microcystis Beaker (150, 410, and 1.7 MHz,
30 W) and horn (20 kHz, 0–90 W) Lab scale (400 mL) 0–12 min Growth of Microcystis efficiently inhibited and after 20 min of sonication

at 150 kHz and 30 W, 70% microcystins removed. [48]
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2. Materials and Methods

2.1. The Experimental Setup

An ultrasonic system, consisting of the generator and an oscillator (EBISTRADE, Inc., Tokyo,
Japan), was used to treat 25 L mixed-algae suspension. The suspension was sampled from Shingal
Reservoir, Suwon city, Korea, in the hot summer season of 2017, and treated in the lab in carboy
containers (Figure 1). The ultrasonic system had a disk-shaped vibrating device of 160 mm diameter,
which was operated at a fixed frequency of 200 kHz. The sonication transferred ultrasonic power
density of 0.12 W/mL in the downward direction from the water surface.

Figure 1. Sketch of the ultrasonic probe and reaction system of the experimental setup housed in
an incubator.

The main goal of this study was to examine effect of cyanobacteria concentration on the
effectiveness of sonication. Two containers were fitted with the commercial ultrasound devices
and two others were run in parallel without the ultrasound devices (controls). The average of Chl-a
concentrations in each group was reported. Provided that the experiment was done in duplicates and
not triplicates, and that large number of analysis could not be conducted as two to three days are
required for each set of analysis, statistics were not used in this study. To maintain temperature and
light conditions throughout the experiment, all four carboy containers were housed in an incubator
at 25 ◦C and 120 µmol photons/m2/s illumination in 14/10 light/dark cycle, with white fluorescent
lights fitted over the top of the containers.

The ultrasonication was applied for the duration of 10, 15, and 20 min for each of the alert level
concentrations, to study progressive effect. The experiment was run for a day, with sampling before
sonication and after sonication at 0, 1, 2, 3, 6, 24 h, and used to determine total dissolved nitrogen
(TDN), total dissolved phosphorus (TDP), COD and Chl-a concentrations. The algae suspensions were
mixed using magnetic stirrers to achieve complete exposure to ultrasound, and before every sampling,
the suspension water column was carefully mild-stirred, to avoid re-suspending the already-settled
matter. The samples were then used to determine Chl-a, to provide a basic measure of cell damage and
the change in water quality.
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2.2. Analytical Methods

Chlorophyll-a was determined in the lab using the standard methods, in which the phytoplankton
containing Chl-a in a measured volume of sample was concentrated by filtration through a glass-fiber
filter [49]. Sample preparation and Chl-a extraction, including measurement using spectrophotometer
(HACH Company, Loveland, CO, USA), involved: (1) filtration of water samples through 47 mm
size glass fiber filter (GF/C) (Whatman Ltd., Maidstone, UK) and then storing the filter at 4 ◦C in
the fridge for at least 24 h; (2) extraction of the photo-pigments from the phytoplankton by grinding
the filter with a tissue grinder and steeping the filter slurry in 90% aqueous acetone solution for
14–18 h; (3) centrifuging the filter slurry for 5 min at 500 g to clarify the solution, and then transferring
the supernatant to a 1 cm cuvette; (4) for the pheophytin-corrected Chl-a, the sample’s absorbance
was measured at 750 and 664 nm before acidification and at 750 and 665 nm after acidification,
using 0.1 N HCl; and, finally; (5) The absorbance values are entered into an established equation to
determine Chl-a in µg/L, as:

Chl-a
(µg

L

)
=

26.7(corr. OD664 − corr. OD665) × volume of extract in L
Volume of sample in L

1000 × cell length (cm)
(1)

TDN, TDP, COD, ammonium nitrogen (NH3–N), and reactive phosphate (PO4
3−–P) were all

determined after filtering the water sample through the GF/C filter, and then using the DR-5000
spectrophotometer (HACH Company, Loveland, CO, USA). The persulfate digestion methods were
adopted for TDN and TDP [37]. The analysis of COD was carried out by using the standard low
range (3–150 mg/L) reagent solution of reactor digestion method. Ammonium nitrogen concentration
was determined by the salicylate method with low range reagent solution, which is for samples
containing 0.02–2.50 mg/L NH3–N. The reactive phosphate concentration was examined by the
ascorbic acid method of spectrophotometer using test solutions for 0.06–5.00 mg/L PO4

3−. The COD
and NH3–N analysis methods of DR-5000 are stablished based on the studies by Jirka and Carter [50],
and Reardon et al. [51], respectively; whereas the PO4

3−–P method is adapted from Eaton et al. [49].
The average concentrations of TDN, TDP, COD, NH3–N, and PO4

3––P in the treated and control sets
were reported. Settleability after sonication was also determined by volumetric test in an Imhoff
cone after well mixing and standing the sample for 1 h [49]. To determine the maximum settlement,
the samples were also put aside for 24 h.

3. Results and Discussions

3.1. Effect of the Sonication on Chlorophyll-a Content and Sedimentation

Following the ultrasonic treatments with 200 kHz frequency and power of 0.12 W/mL for 10, 15,
and 20 min, the result showed that the immediate reduction in Chl-a was substantial, compared to the
unchanged control groups. As ultrasonic cavitation was continuously applied, the removal was more
for the suspension with longer exposure time. Figure 2 shows that the Chl-a removal immediately after
the exposure time increased with time, and better for the outbreak concentration with initial value
of 1428 µg/L, compared with the caution level with initial value of 17.5 µg/L. Twenty-eight percent
removal was achieved in the outbreak case in 15 min of sonication, but for caution, an additional
exposure of five min were required to attain a similar reduction.

Algae cell inactivation and the consequent settlement are principally caused by cavitation bubbles
formed by ultrasonic waves. The higher percentage instant removal of the outbreak does not necessarily
mean that the system was more effective for the more concentrated initial suspension. The actual algae
cell composition of the suspension likely varies in both initial conditions, and ultrasound has selective
inhibition actions [38]. However, the result did show that Chl-a removal during the brief exposure
time was substantial in the mixed algae suspension of any level.
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Figure 2. Immediate effect of sonication on the mixed algae suspension for the outbreak and
cation levels.

After the respective sonication, the suspension time step further removal of Chl-a was analyzed
by allowing it to stand and stabilize for up to 24 h. After 15 min of treatment and 1 h of standing,
45 mL/L of algae was settled out of the outbreak-treated sample kept in an Imhoff cone; whereas
about 50 mL/L of the untreated sample algae was floating at the surface (Figure 3). After 24 h of
standing, all the algae in the control migrated to the surface, forming a thick scum of 60 mL/L, and the
lower water column was completely clear to the eye. However, in the treated cone sample, 50 ml/L of
sludge was formed at the bottom, with about 5 mL of the algae staying at the surface after a day of
standing. Based on the concentration and exposure time, the floating and settling volume varied in the
sonicated samples. A visual inspection indicated that cyanobacteria, which float by virtue of their gas
vesicles, seemed to comprise the surface scum. Sedimentation after treatment shows that the main
cause of algae removal was the ultrasonically-induced loss of buoyancy caused by the collapse of the
gas vesicles [20,34]. The disruption of the gas vesicles has been described as the major adverse effect of
ultra-sonication on cyanobacteria, thereby leading to sedimentation to the bottom of water body and
the prevention of photosynthesis.

Figure 3. Clearing of algae suspension from the water column after 15 min of exposure to sonication
and standing for 1 h. The left Imhoff cone is for the control and the right one for the treated suspension.

Figure 4 presents the progressive settling out of the suspension from the water column for both
initial concentrations of the treated system. Chlorophyll-a concentration drastically decreased after
standing for 1 h. It is also interesting to note that most of the Chl-a removal of the treatment groups was
within the first 2 h. The sedimentation of the algae suspension continued, but not so considerably after
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6 h of standing. After 10, 15, and 20 min of treatment of the outbreak concentration and setting aside
for 24 h, the water column Chl-a reduced to 197, 147, and 54 µg/L, respectively. The corresponding
values for the cation level concentration were 6.5, 6.3, and 6.0 µg/L, respectively. In the control groups,
Chl-a concentrations were more or less the same at the corresponding initial values.

Figure 4. Effect of 10, 15, and 20 min sonication on the water column of (a) outbreak alert level
concentration with initial value 1414 to 1469 µg/L; (b) caution level with initial values of 17.1 to
17.5 µg/L. The solid lines, , and represent 10, 15 and 20 min treated suspensions,
respectively and the broken lines, , and represent control groups corresponding to
10, 15, and 25 min treatment, respectively.

The result of the ultrasonic treatment shows that large parts of the algae was sedimented in the
case of high initial concentration, but the amounts that remained untreated are either in the outbreak
or in the warning level concentrations. A possible reason for that cyanobacteria remained floating
in the outbreak concentration could be selective inhibition action of constant frequency sonication in
a mixed-algae suspension [38]. On the other hand, the principal reason for the inactivation of algae by
sonication is the generation and collapse of cavitation bubbles. In addition to ultrasound equipment
related factors, such as frequency and power, the medium of treatment has impact on the generation of
cavities in ultrasonic treatment. Related to this, Mason and Peters [52] stated that the higher natural
cohesive forces acting within a liquid, such as viscosity and surface tension, the more difficult it is to
attain cavitation. Thus, the relatively high algal abundance of the outbreak level could interfere with
ultrasonic-induced cavitation and the treatment of entire algae cells in the suspension.
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After standing for a day, in the 15 min treated sample, Chl-a removal of as high as 90% and 64%
was achieved for the outbreak and the caution levels, respectively, compared to the control sample
with only 10% and 5% removal. In the control, the limited overall reduction was because the algae
was not subjected to ultrasonic treatment, and there had been a 74 and 2 mg/L increase, for outbreak
and caution levels, respectively, and a 121 mg/L decrease in the outbreak level concentration in the
period in-between incubation, possibly due to factors related to algae growth and death. The overall
145 mg/L decrease after a day (from initial value of 1469 mg/L) of the outbreak control case might also
be likely due to scarcity of nutrients. The growing stage of the cyanobacteria can also be an extraneous
variable, playing some role in the decrease or increase in the untreated system.

Extending the time of sonication generally increases the sono-chemical effect and, thus, both
immediate and final reductions of Chl-a progressively increased with time. The result shows that
greater ultrasonic exposure time enables better removal. However, it also leads to higher power
consumption. Figure 4a,b also show that the changing pattern of 15 min exposure was not considerably
different from that of 20 min. Furthermore, it is suggested that prolonged ultrasonic exposure
duration intensifies free radical generation which likely lead to degradation of cells. Ultrasonic
density (0.12 Wm/L) can be used to determine the power consumption (kWh/m3) as a function of the
ultrasonic power entering the liquid system, duration of exposure and volume of the liquid treated
(Table 2).

Table 2. Sonication efficiency in Chl-a reduction right after exposure time.

Sonication Time (min) Ultrasonic Dose (kWh/m3)
Chl-a Reduction Efficiency (m3/kWh)

Outbreak Outbreak

Average min., max. Average min., max.

10 20 0.82 0.71, 0.94 0.71 0.43, 1.00
15 30 0.94 0.88, 1.00 0.77 0.60, 0.94
20 40 0.83 0.78, 0.88 0.70 0.53, 0.87

By relating algal removal to the ultrasonic dosage, the overall effect of sonication on the mixed
algae suspension at a specific frequency can be quantified by [13,24]:

Ultrasonic effeciency =
Change in Chl-a concentration (%)

Ultrasonic dosage
(

kWh
m3

) (2)

Efficiency determines the optimal operating conditions of the sonication treatment in terms of
the economy in energy consumption, as well as algae removal effectiveness. The results in Table 2
were obtained at different ultrasonic dosages of the two alert levels considered in this study in order to
estimate a value for the efficiency of the treatment. The exposure time of 10, 15, and 20 min gave the
values of the power dosage shown in the table.

The most efficient value was obtained at 15 min exposure for both concentration levels. Between
the concentration levels, the Chl-a reduction efficiency was better for the outbreak condition.
In addition to the removal efficiency, the final concentration value should, however, be considered as
a deciding factor to assess the overall effect of the treatment system. The 15 min of sonication
gave the highest efficiency of 0.94 m3/kWh, and substantial immediate Chl-a removal of 28%.
However, the Chl-a concentration after 24 h of standing was 147 µg/L, which is still greater than
the 100 µg/L lower limit of the outbreak Chl-a level. Thus, while the efficiency is high, additional
considerations, such as water circulation for further exposure or varying operating frequency to match
the resonance of different species, are required to effectively remove algae from a concentrated water
body. Zhang et al. [22] have stated that gas vacuoles are expected to resonate, experience acoustic
cavitation, and finally implode, provided that resonance of cavitation bubbles and gas vacuoles of the
algae cell are of the same order of magnitude.
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3.2. The Effect of Sonication on the Mixed Algae Suspension TDN and TDP

The excessive amounts of nitrogen and phosphorus, as the major algae nutrients, are in control of
the overgrowth of algae in a water body. Since the mixed algae samples in this study were collected
directly from a eutrophic lake, it is reasonable to study the possible impact of sonication treatment
on concentrations of nitrogen and phosphorus of the suspension. Figure 5a shows that the total
dissolved nitrogen, TDN, content in the untreated groups remained almost the same; yet, the sonicated
ones showed a decrease during sonication, and then remained unchanged in the incubation time.
After 15 min of sonication, the water column TDN decreased by 42.6% and 14.0%, in the outbreak and
caution concentrations, respectively. Thus, the suspension concentration seems to have effect on the
TDN removed.

Figure 5. Immediate and long-term effect of 15 min sonication on the (a) total dissolved nitrogen (TDN),
and (b) total dissolved phosphate (TDP) values of the outbreak and caution level concentrations.

The formation of extremely high local temperature and pressure during ultrasonic cavitation is
responsible for the chemical reactions taking place in the suspension. During the ultrasonic vibration,
the created sono-chemical condition may result in release of some of the dissolved inorganic nitrogen
(DIN), which comprises of ammonia, nitrite, and nitrate, into the atmosphere and, thus, decrease in
the TDN [31]. On the other hand, there is possibility of increase in dissolved organic nitrogen in case
cyanobacteria cells collapse. However, Liu et al. [53] showed that under power intensity of less than
0.5 W/mL, the possible increase in DON is mild. The decrease in TDN is, therefore, likely dominated
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by the decrease in DIN. As the TDN components are not naturally associated with other inorganic or
organic particles, the TDN remained constant during the incubation period in all the cases considered.

On the other hand, the impact of sonication on TDP (Figure 5b) of the mixed algae suspension
sample of the outbreak level treatment was quite different from that obtained for caution level.
In contrast to the TDN scenario, the TDP of the outbreak treatment groups increased right after
sonication and then decreased at low rate. Just after sonication, the value increased as high as
0.22 mg/L from the initial value of 0.17 mg/L. The TDP of the treated caution level concentration
decreased from 0.17 to 0.13 mg/L, and it remained the same in the control (without sonication).

The increase in concentration of TDP in the sonicated outbreak concentration was likely due to
ultrasonic effects on the dissolution and dissociation of loosely-adsorbed phosphate from the particles
in the suspension [37]. Similar phenomenon was not observed for TDN likely because the conversion
of nitrogen to volatile forms overweighed the intracellular release during sonication. On the other
hand, ultrasonic releases of dissolved organic materials from raptured algae cell tentatively enhance
biological phosphorous removal [54]. The release and removal of phosphorus, caused by sonication,
are affected by the algae concentration in the suspension and aeration of the water. The surface scum in
the concentrated solution likely limited aeration and, hence, aerobic biological removal of phosphorus.
The decrease in TDP after sonication could also be due to adsorption to the settling algae and other
particles from the water. Along with the TDN and TDP, ammonia nitrogen and reactive phosphate
were also determined in the study (Figure S1). However, both remained nearly unchanged, or have
not shown a clear pattern in all of the treated and untreated samples.

3.3. The Effect of Sonication on the Mixed Algae Suspension COD

The degradability due to sonication was assessed based on the changes in the water sample
COD concentration (Figure 6). Immediately after 15 min of sonication, COD values reduced from
25 to 18 mg/L for the treated outbreak, and from 15 to 12 mg/L for the corresponding caution
level concentration. The reduction continued with incubation time up till 6 h; but, the concentration
values increased somehow after 24 h, likely due to a shortage of oxygen. The shortage could be
caused by depletion of existing air in breaking down dead cells, and used for metabolism by the
active ones, and the dense scum blocking further aeration. Efficiency of total COD removal just
after sonication was determined to be 20–28%, compared to the less than 5% of the control group.
However, the concentration in the outbreak control, in which the surface scum was even thicker than
the corresponding treated set, considerably increased after standing for 24 h.

Figure 6. Effect of 15 min of sonication on the chemical oxygen demand (COD) values of the outbreak
and caution concentrations, just after sonication and then after standing for 6 and 24 h.

In this study, most of the COD removal was accomplished during the initial sonication time,
and removal efficiency was not increased much by time thereafter. Following the application of
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ultrasound to a liquid suspension, extreme temperatures and pressures are generated as a result of
acoustic cavitation. The cavitation, in turn, results in the formation of intense shock wave, shear forces,
and reactive free radicals, due to the violent collapse of the cavitation bubble [55]. In consequence to
this active cavitation phenomena, the total solid surface in contact with the liquid increases, and the
organic and toxic matter in the liquid decomposes, hence the decrease in COD.

4. Conclusions

Excessive growth of cyanobacteria generally results in reduction of water production capacity
and/or an increase in treatment costs. Ultrasonication has been widely studied for controlling
cyanobacteria and the ultrasonic mechanism of algal cell disruption has been well understood.
However, most of the studies are limited to artificial laboratory settings, and there is a knowledge gap
in applying sonication in natural water bodies. Most of the laboratory studies are conducted using one
type of algae species, which is a deviation from the environment in natural water bodies. To limit the
deviation, this study was conducted on the understanding of the action of ultrasound on the potential
for cyanobacterial removal and control, considering bloom alert levels and mixed algae suspensions.

The changes in the Chl-a amount during the first 2 h of incubation were quite dramatic in both
of the initial concentrations of the alert levels considered. The decrease in Chl-a was considered
to have resulted from rapid sedimentation of the cyanobacterial cells after collapsed gas vesicles.
Fifteen minutes of sonication led to the best removal efficiency. However, in the outbreak treatment
case, the concentration was considerably high, even after setting the sample aside for a day, and that
there were algae cells not affected by the treatment system. The results of this study also showed that
ultrasound can improve some of the water quality variables along with removal of algae. The TDN
was reduced during the ultrasonic exposure, and remained unchanged thereafter. However, the TDP
has increased after the outbreak level treatment, probably due to the release of loosely-adsorbed
phosphorus from algae cells and other particles in the water, whereas the COD was overall reduced by
40% and 60% in the caution and outbreak set of treated concentrations, respectively, in comparison
with the unchanged control samples. There had been an increase of the COD values after 24 h, in the
treated and concentrated control samples, likely due to a shortage of aeration.

Most of the ultrasonic-based algal removals conducted in the lab have reported effective results.
In contrast, stating the attenuation of power intensity in large volumes of water, inconsistent effects
in some field trials and the effect of high ultrasound intensity on non-target organisms, such as
Daphnia magna, some researchers highly doubt the effectiveness of sonication in field applications,
such as whole lake settings [39,56]. However, in their recent literature review, Park et al. [29] argue
that ultrasonication is still an attractive technique in many aspects compared to other technologies for
algal control, especially compared to the use of algaecides. The energy requirement can be managed
using floating devices and the sun, and unlike chemical treatment techniques, ultrasound is a clean
technology that does not produce any byproducts [14]. Several approaches are proposed to scale
up sonication, such as the deployment of multiple floating ultrasonic devices to supply sufficient
ultrasound intensity, restricting treatment target areas to locations close to water intake towers, as the
removal of algae from a large reservoir entirely may not be realistic considering the cost, conducting
several field/pilot studies considering water flow, targeted algae species and other natural water body
related operation factors, and combining sonication with remote sensing technologies to measure
the algal concentration and optimize the application time [29]. The successful field application by
Schneider et al. [16] is encouraging to emphasize more systematic studies in the future, to achieve
consistent outcomes in a large-scale application.

From this lab-scale study, it was shown that a fixed frequency sonication of a mixed algae suspension
is generally effective in preventing algal bloom formation than removing an already-established bloom.
In a concentrated mixed algae suspension, varying the operating frequency to address selective
inhibition of a specific frequency and/or using techniques, such as circulation in conjunction with the
sonication for adequate aeration and complete exposure of the cells, could allow effective removal.
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The ultrasonic device used in this study was applied in three sets, along with jet water flow in a field
trial intended to prevent bloom formation, and it was effective in 25 m radius area, which could also
mean two groups of transducers can be used in a hectare of lake surface area with maximum depth of
2 m [57]. Low power ultrasound is applied continuously at sub-cavitation levels in most field tests.
Even if the lab study was conducted with an exposure time of 10–20 min, ultrasonic treatment of algae
in natural water bodies may need several weeks of exposure time to reach maximum effectiveness
due to flow and other influencing factors. It should also be emphasized that replicated, large-scale
experiments are needed to understand the effects of ultrasound on the target and non-target organisms.
If proper parameters are not applied, cavitation may result in unintended consequences, such as
detrimental effects on macrophytes, zooplankton and, possibly fish. Future research needs to test the
possible effects of ultrasound treatments on non-target organisms.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4441/9/12/915/s1,
Figure S1: Immediate and long-term effect of 15 min sonication on the (a) ammonia-nitrogen, and (b) soluble
reactive phosphate (SRP) values of the outbreak and caution level concentration.
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