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ABSTRACT: To evaluate the effect of ultrasound on the release of heavy metals in sediments during the ultrasonic
algae inhibition and elimination process, low-frequency and low-power ultrasound at 35 kHz, 0.105 W/cm2 was
used to irradiate a simulated water body for 60 min. Water samples were extracted at 10 min intervals to detect
the concentration changes of Cu, Zn, Pb, and Cr. Samples from the sediment surface and 10 cm below the surface
were extracted to determine the changes of total amounts for the four heavy metals, as well as the corresponding
concentration changes of exchangeable, carbonate binding, Fe−Mn binding, organic binding, and residue states. The
test results showed that the concentrations of the four heavy metals in water increase rapidly during the first 20 min of
ultrasonic treatment, decreasing thereafter. The concentrations approach a stable level after 50 min. The concentrations
of all the four metals increased by over 80%. During the first 20 min of ultrasonic treatment, the release rates of Cu,
Zn, Pb, and Cr at the sediment surface were 27%, 24%, 29%, and 29%, respectively, while the concentrations of the
Fe-Mn binding state and exchangeable state decreased by 25% and 47%, 22% and 43%, 29% and 28%, and 29%
and 29%, respectively. The release rate of the four heavy metals at 10 cm below the surface was 34%, 34%, 32%,
and 39%, respectively. Meanwhile, the concentrations of the Fe−Mn binding state of Cu, Zn, and the Fe−Mn binding
state and organic bonding state of Pb and Cr decreased significantly. After 50 min of ultrasonic treatment, the total
amount of heavy metals and the five states approached a stable level. These findings suggest that ultrasonic treatment
can accelerate the release of metal elements from sediments to the water body; thus the ultrasonic algae inhibition
technology is not sufficiently safe and reliable, involving the risk of secondary pollution.
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INTRODUCTION

Cyanobacterial bloom has become an environmen-
tal issue worldwide, and the situation in China is
emerging increasingly more serious. In particular,
the problem of cyanobacteria bloom around the
Taihu Lake has attracted global attention. The
cyanobacteria bloom elimination and inhibition
methods proposed are based on the emergency
treatment concept, which can neither solve the
problem of cyanobacteria bloom thoroughly nor
eliminate the existing water pollution caused by
cyanobacteria bloom. Considering the shortcomings
of such methods, methods based on the preven-
tion and control principles have been proposed.
Since the beginning of 2000, the Japanese scholar

Nakano1 and the Korean scholar Ahn2, 3 have pub-
lished papers to explore the possible application
of ultrasonic technology as a preventive treatment
method to inhibit the outbreak of cyanobacteria
bloom in natural water bodies. Subsequently, re-
lated research has been carried out step by step, and
the ultrasonic algae inhibition technology has been
further developed.

Over the past decade, most of the scholars in
the related field focused on two major aspects, the
parameter determination for ultrasonic algae inhibi-
tion and the effect of ultrasound on the physiologic
system of algal cells. For instance, Joyce et al4 re-
ported that the optimal ultrasonic frequency for al-
gae elimination is 580 kHz. Ma et al5, in accordance
with the elimination rate of Microcystis and micro-
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cystins, obtained an optimal frequency at 150 kHz.
Tang6 and Hao7 applied high-frequency (1.7 MHz),
low-intensity (0.6 W/cm2) ultrasound and high-low
frequency ultrasound (1.7 MHz, 20 kHz), respec-
tively, to perform cyanobacteria inhibition test, and
concluded that high-frequency ultrasound exhibits
a better inhibition effect on cyanobacteria. Zhang
et al8 examined the changes occurred in cyanobac-
teria during ultrasonic treatment, and observed the
optimal frequency at 200 kHz. In addition, some
other scholars deemed 80 kHz as the optimal fre-
quency for ultrasonic algae inhibition based on labo-
ratory tests5, 9–11. Rajasekhar et al12 suggested that
the higher the ultrasonic power density, the better
the inhibitory effect is. However, when the ultra-
sonic power exceeds a certain value, the inhibitory
effect seems to approach a saturated level7. Lee
et al13 applied ultrasound to control cyanobacteria
in the Senba Lake, and found that the ultrasound
continuing for 3 s can settle 80% of algae cells
and the ultrasound continuing for 30 s can settle
almost all algal cells. With respect to the irradiation
duration, most scholars deemed 5 min to be an
optimal value7, 9, 12. The input mode of ultrasonic
irradiation may also affect the algae elimination
efficiency; the multi-frequency, low-dose irradiation
mode can achieve a better inhibitory effect on the
growth of algae2.

In practical applications, the ultrasonic tech-
nology has achieved satisfactory results in algae
control. Nakano et al1 constructed an ultrasonic
integrated system by combining ultrasonic with
jet flow, which was used to control cyanobacte-
rial bloom in the Senba Lake; the outcomes in-
dicated that the lake water quality is significantly
improved. Ahn et al2, 3 applied a device integrating
ultrasonic with pump to deal with cyanobacteria
in a eutrophic pond and the effect was significant.
Ding et al14 applied 20 kHz ultrasonic to control
cyanobacterial bloom in the Taihu Lake and the algal
density was successfully reduced from 107/ml to
105/ml. Fan et al15 applied the ultrasonic tech-
nology to treat algal bloom in the Pengxi River
of the Three Gorges Reservoir area, and the algal
density is reduced from (1.10±0.02)×107/ml to
(2.1±0.1)×105/ml. According to these results,
ultrasonic treatment can inhibit the growth of algae,
but the practical application of this process may lead
to secondary pollution, such as the release of algal
toxin and heavy metals into the sediment. Many
studies have adopted the ultrasonic technology as a
preprocessing method for determining heavy metals
in environmental samples, and the outcomes were

satisfactory16, 17. Collasiol et al applied the process
of “ultrasonic extraction-online flow injection-old
vapour atomic absorption spectrometry” directly to
determine the Hg content in soil, river bed and
marine sediment18. The validation using standard
samples suggests a satisfactory result: compared
with the traditional wet digestion method, the test
results exhibit no significant difference. Ozkan
et al19 developed a method which uses ultrasonic
technology to extract and analyse the Mn and Pb
content in soil samples taken from the roadside.
This method can be used to evaluate the vehicle
exhaust pollution. The results indicate that, in
a relatively short period, the ultrasonic extraction
method can achieve a higher extraction rate com-
pared with the traditional oscillation method.

It can be seen that ultrasonic treatment will
release heavy metals from samples into the en-
vironment. Thus some scholars applied the ul-
trasonic technology to remove heavy metals from
soil, sludge, and sediment. For example, He et al
found that, compared with mechanical oscillation,
ultrasonic treatment can intensify the release of Hg
from Al2O3, a−HgS and PACS-2 sediments into the
water20. In the presence of algae, the removal
rate of Hg2+ of ultrasonic in 15 min is equivalent
to the removal rate of Hg2+ after 60 min of me-
chanical oscillation21. Newman et al used flowing
water to wash through the surface of soil substrate
and performed ultrasonic irradiation for half an
hour. The removal rate of Cu for the simulated
soil pollution sample reached 40%; while under the
same condition, the removal rate of the traditional
oscillation method was only 6%22. The results of
the study conducted by Chen et al showed that the
precipitation rates of Cu, Zn, Ni, and Pb were 42%,
38%, 13%, and 15%, respectively, when ultrasonic
treatment was performed for 30 min. The total
precipitation rates were 53%, 45%, 24%, and 71%,
respectively23.

According to the previous results, relatively low-
frequency (20–200 kHz) and low-power ultrasonic
is recommended in practical applications of algal
control, and the irradiation duration should be gen-
erally no more than 5 min. Meanwhile, the batch-
type, short-duration irradiation mode can achieve
a better inhibitory effect. Although the ultrasonic
technology has been applied to algal control and
given satisfactory results, heavy metals in soil or
sediment are released into the water. Further-
more, the effect of the ultrasonic algae inhibition
method on the changes of the heavy metal five-
state concentration in sediment is unknown. On
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Fig. 1 Experimental equipment.

the basis of existing research findings, the present
study applied low-frequency, low-power (35 kHz,
0.105 W/cm2) ultrasonic waves to irradiate a simu-
lated water body, in order to examine the ultrasonic
effect on heavy metals in sediments, as well as their
concentrations of exchangeable, carbonate binding,
Fe−Mn binding, organic binding, and residue states.
The outcomes of this study will provide technical
support for the practical applications of ultrasonic
algae inhibition.

MATERIALS AND METHODS

Experimental apparatus

The experiment was conducted in a plastic barrel
(diameter 59 cm, height 62 cm). The oscillator
and generator of the ultrasonic generator used in
the present test are separated and connected by
wires. In the test, a cross bracket was placed in the
centre of the bucket. The oscillator was placed at an
appropriate position under the water, and then the
wires were fixed at the centre of the cross. Then the
ultrasonic generator was powered on for processing
(Fig. 1). To simulate the actual environment, the
sediments and water used in the experiment were
extracted from a river in Yancheng city and stored
in the barrel. The top of the ultrasonic vibrator was
placed 5 cm above the water surface; the length of
the vibrator was 10 cm; the diameter and the height
of the barrel were 50 cm and 62 cm, respectively;
the depth of the water sample was 33 cm, volume
was 0.065 m3; the protection height was 2 cm and
the sediment thickness was 27 cm. Considering
the possibility that the background values of heavy
metals in the sediments may be relatively low, ap-
propriate amounts of Cu, Zn, Pb, and Cr nitrate
solution were added into the water. Then a stick was

used to stir the sediments in order to mix the metal
nitrate solution with the sediments and water well.
After returning to static state, a self-made extractor
was used to take samples from the sediment surface,
10 cm below the surface, and the water body for
measurement.

During the generation of ultrasonic wave, the
vibrator may produce some slight vibrations. As
the bottom of the vibrator was about 18 cm above
the sediment, such slight vibrations were unlikely to
affect the sediment. A sampler similar to an injector
was used to take water samples at the sampling
depth gently and slowly. Thus neither the vibration
nor the sampling process would stir the water sam-
ple. The sediment samples were taken by a self-
made piston-type column sampler. Although the
design of this sampler has been improved, a small
amount of sediment can still drop from the bottom
of the sampler during the lifting process. Hence it
was necessary to raise the sampler out of the water
surface as quickly as possible, and the depth of sedi-
ment sampling needs to be increased appropriately.
After each time to sediment sampling, the position
on the top of the barrel was recorded in order to
ensure that the samples were not taken repeatedly
from the same site.

Instruments

Heavy metals are detected by an inductively coupled
plasma emission spectrometer (ICP, Perkin Elmer).
A total of 3 parallels are detected for each sam-
ple. The ultrasound generator used in the ex-
periment is a Waterman ultrasonic algae elimina-
tor manufactured by Water&Soil Management As-
sociates (model 220, frequency 35 kHz, power
0.105 W/cm2). All test reagents were analytical
reagents.

Detection of heavy metal concentrations in
water

To prepare the single-element standard solution,
the corresponding metal salts (reference substance)
were dissolved in water to obtain a 1.00 mg/ml stan-
dard stock solution. The acidity of the solution was
maintained at 0.1 M or above. To prepare the single-
element intermediate standard solution, Cu, Cr, or
Zn were dissolved into the single-element standard
stock solution prepared above to obtain 0.10 mg/ml
solutions. Pb was prepared into 0.50 mg/ml so-
lution. Certain amount of acid was supplied to
maintain the acidity at 0.1 M or above.

To determination elements, the samples were
filtered using a 0.45 µm membrane immediately
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after collection. The initial 50 ml of solution was
discarded and 50 ml of the filtrate collected. We
used (1+1) HNO3 to adjust the pH of the solution
to pH < 2; HNO3 was added into the wastewater
until the concentration of HNO3 reached 1%.

To prepare the blank solution, the same volume
of deionized water as the sample was used. Blank
solution was prepared according to the same proce-
dures. Sample determination was performed using
two-point standardization for the preprocessed sam-
ples and the blank solution at the best instrument
working parameters, in accordance with the instru-
ment instructions. Then the interference was cor-
rected after subtracting the background values24.

Detection of heavy metal concentrations in
sediments

The samples were dried at room temperature, and
plant residues, stones, and other debris were re-
moved. After grinding using a 100-mesh nylon sieve
to filter, the samples were packed into polyethylene
bottles. Reserve samples were placed in a dryer.
Non-metal tools were used for the mixing, crushing,
grinding, and other necessary processes.

The HNO3-perchloric acid-hydrofluoric acid sys-
tem was used to fully decompose the samples. A
0.2 g (precision 0.0001 g) portion of a sample into
a Teflon crucible/digestion tube and 5 ml of HNO3
was added into each sample and soaked overnight
to preliminarily decompose the soil. Both blank
and parallel samples were prepared for each batch.
Then 5 ml of HNO3, 5 ml of hydrofluoric acid, and
3 ml of perchloric acid were added to the samples
during digestion. The samples were covered and
placed into a fume cupboard for heating at 180 °C.
One hour later the cover was opened to remove the
silicon. The crucible was shaken frequently dur-
ing the heating process. When thick white smoke
appeared, the sample was covered to let the black
organic matter decompose. After the black organic
matters has disappeared, the cover was opened to
release the acid further. The heating was stopped
after no more white smoke was generated and the
samples became viscous. After cooling down, the
samples were maintained at a constant volume of
25 ml and keep static for 24 h for measurement.

Detection of the various states of heavy metals

With respect to the analysis method for the five
states of heavy metals in sediments, the five-step
sequential extraction method proposed by Tessier
et al25 was used to extract the exchangeable, car-
bonate binding, Fe-Mn binding, organic binding,
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Fig. 2 The changes of heavy metal concentrations in water
after ultrasonic treatment of different durations.

and residue states of heavy metals. Then ICP was
used to determine the contents of various states for
each heavy metal to analyse the distribution of each
element state.

RESULTS

The changes of heavy metal concentrations in
water

The changes of heavy metal concentrations in water
after 60 min of ultrasonic treatment are shown in
Fig. 2. It can be seen that ultrasonic treatment
increases the concentrations of Cu, Zn, Cr, and Pb in
water. The concentrations of the four heavy metals
increased rapidly during the first 20 min of ultra-
sonic treatment and then the increasing rate slowed
down during 20–50 min. After 50 min of ultrasonic
treatment, the concentrations approached a stable
level. After 50 min of ultrasonic treatment, the
concentration of Cu ion in water samples reached
a peak value and became stable. At this point,
the concentration of Cu ion was 2 mg/l, while
the concentration of Cu ion in the water samples
before ultrasonic treatment was 1 mg/l; thus the
concentration of Cu ion doubled. After 50 min
of ultrasonic treatment, the concentration of Zn
ion in water samples reached a peak value and
became stable. At this point, the concentration of
Zn ion was 2.8 mg/l, while the concentration of
Zn ion in water samples before ultrasonic treatment
was 1.3 mg/l. Thus the concentration of Zn ion
increased by 115%. After 40 min of ultrasonic
treatment, the concentration of Cr ion in water
samples reached a peak value and became stable.
At this point of time, the concentration of Cr ion
was 1.8 mg/l, while the concentration of Cr ion
in water samples before ultrasonic treatment was
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Fig. 3 The changes of concentrations of the four met-
als in sediment after ultrasonic treatment: (a) surface,
(b) 10 cm below the surface.

1 mg/l. Thus the concentration of Cr ion increased
by 80%. After 30 min for ultrasonic treatment, the
concentration of Pb ion in water samples reached
a peak value and became stable. At this point, the
concentration of Pb ion was 0.87 mg/l, while the
concentration of Pb ion in water samples before
ultrasonic treatment was 0.38 mg/l. Thus the con-
centration of Pb ion increased by 129%. The effect
of ultrasonic treatment varies for different heavy
metals. The curve in Fig. 2 shows that ultrasonic
treatment exhibits the most significant effect on the
release of Zn, followed by Cr, while the effect on Pb
is the least significant.

The changes of the total amounts of heavy
metals in sediments

Fig. 3 shows that the four heavy metals in sediments
are released rapidly during the first 20 min of ul-
trasonic treatment, and then the release rate slows
down. At the point of 20 min, the release rate of
Cu, Zn, Pb, and Cr at the sediment surface was 27%,
24%, 29%, and 29%, respectively, while the release
rate at 10 cm below the surface was 34%, 34%,
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Fig. 4 The changes of concentrations of the five states of
Cu in the sediment after ultrasonic treatment: (a) surface,
(b) 10 cm below the surface.

32%, and 39%, respectively. After 50 min ultrasonic
treatment has virtually no effect on the release of the
four metals at the sediment surface; there was still
some acceleration effect on the release of Cu and Zn
at 10 cm below the sediment surface, but not on the
release of Pb and Cr.

The changes of the five states of heavy metals in
sediment

Fig. 4 to Fig. 7 present the changes of the concen-
trations of exchangeable, carbonate binding, Fe−Mn
binding, organic binding, and residue states for Cu,
Pb, Zn, and Cr after ultrasonic treatment. At the
sediment surface, Cu, Zn, Pb, and Cr mainly exist in
the forms of Fe−Mn binding state and exchangeable
state, and these two states are most significantly
impacted by ultrasonic treatment. Particularly, dur-
ing the first 20 min, the concentrations of the two
decrease rapidly; the concentrations of the Fe−Mn
binding state and exchangeable state of the four
metals decreased by 25% and 47%, 22% and 43%,
29% and 28%, and 29% and 29%, respectively.
Ultrasonic treatment exhibits insignificant effect on

www.scienceasia.org

http://www.scienceasia.org/2017.html
www.scienceasia.org


ScienceAsia 43 (2017) 249

0 10 20 30 40 50 60
0

10
20
30
40
50
60

150
200
250
300
350
400
450
500
550
600

(a)

H
ea

vy
 m

et
al

 c
on

ce
nt

ra
tio

n 
(m

g/
kg

)

Time (min)

Exchange form Carbonate bounded form
 Fe-Mn oxide form 

Organic matter-bound
 Residual form

0 10 20 30 40 50 60
0

20
40
60
80

100
120
140
160
180
200
220
240
260
280
300
320 (b)

H
ea

vy
 m

et
al

 c
on

ce
nt

ra
tio

n 
(m

g/
kg

)

Time (min)

Exchange form Carbonate bounded form
Fe-Mn oxide form Organic matter-bound

 Residual form

Fig. 5 The changes of concentrations of the five states of
Pb in the sediment after ultrasonic treatment: (a) surface,
(b) 10 cm below the surface.

the organic binding, carbonate binding, and residue
states of the four metals. In particular, there is
no obvious change in the concentrations of organic
binding state and carbonate binding state.

At 10 cm below the sediment surface, Cu and
Zn mainly exist in forms of the Fe−Mn binding
state and organic binding state, while Pb and Cr
mainly exist in forms of the Fe−Mn binding state
and exchangeable state. The ultrasonic effect on
the four metals showed no regular pattern: the
concentration of the Fe−Mn binding state of Cu
decreases rapidly during the first 10 min; at the
time point of 10 min, the concentration has been
reduced by 27%. The concentrations of the Fe−Mn
binding state and exchangeable state of Pb declined
consistently during the first 40 min of ultrasonic
treatment. At 40 min, the concentrations were
reduced by 75% and 52%, respectively, and then
the changes slowed down. The pattern of Zn was
similar to that of Cu. At 10 min, the concentration of
the Fe−Mn binding state of Zn was reduced by 26%.
The concentration of the Fe−Mn binding state of Cr
declined rapidly during the 0–10 min interval and
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Fig. 6 The changes of concentrations of the five states of
Zn in the sediment after ultrasonic treatment: (a) surface,
(b) 10 cm below the surface.

the 40–50 min interval, while during the 10–40 min
interval and after 50 min, the concentration change
was insignificant. At 10 min, the concentration
of the Fe−Mn binding state of Cr was reduced by
44%. At 10 cm below the sediment surface, the
concentrations of the carbonate binding state of
Cu and Zn, as well as the concentrations of the
carbonate binding state and organic binding state
of Pb and Cr did not change significantly.

DISCUSSION

The process of ultrasonic algae inhibition can ac-
celerate the dissolution of heavy metals from sed-
iments and therefore results in the risk of secondary
pollution. Although this technology, which was
developed over the past decade, has been shown
to be an effective method for algal elimination
and inhibition, its potential negative effects have
rarely been investigated. The scholars in this field
mainly focused on the inhibitory effect and related
mechanisms. In the present study, low-frequency
and low-power ultrasonic (35 kHz, 0.105 W/cm2)
was used to irradiate the simulated water body.
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Fig. 7 The changes of concentrations of the five states of
Cr in the sediment after ultrasonic treatment: (a) surface,
(b) 10 cm below the surface.

By determining the concentration change of the
four heavy metals in water and sediments, as well
as the concentration changes in the exchangeable,
carbonate binding, Fe−Mn binding, organic bind-
ing and residue states, this study confirms that
the ultrasonic effect can accelerate the release of
metal elements from the sediments. However, the
present experiment was only performed on one type
of ultrasonic wave (fixed power and frequency).
Further studies need to be conducted to evaluate the
effect of various combinations of frequencies and
powers on the release of pollutants from sediments
in the ultrasonic algal inhibition process. The ex-
periment adopted a continuous timing mode, and
the ultrasonic treatment continued for 60 min each
time. Samples were taken at 10 min intervals. In
comparison, the duration of ultrasonic treatment is
usually shorter than 5 min in other studies. The
present experiment did not investigate the effect of
ultrasonic treatment on the release of heavy metals
from sediments during the early stages (such as 30 s,
5 min). Thus the risk of heavy metal release at the
early stage of ultrasonic treatment should be further

evaluated.
In the process of ultrasonic algae inhibition,

the ultrasonic effect can accelerate the release of
heavy metals from sediments into the water body,
increasing the heavy metal concentrations in water.
The longer the duration of ultrasonic treatment, the
higher the amount of heavy metals released from
the sediments, and thereby the higher the possibility
of secondary pollution. During the first 20 min
of ultrasonic treatment, the concentrations of Zn
and Cr in water increased rapidly, and the ratio of
increase reached 38% and 40%, respectively. The
concentration of Pb increased rapidly during the
first 10 min, while the concentration of Cu increased
rapidly during the 10–40 min interval. After 50 min
of ultrasonic treatment, the concentrations of the
four heavy metals approached to a stable level.
Peng et al26 used ultrasonic at the frequency of
53 kHz, the power of 300 W to extract Cu, Fe, Zn,
and Mn from soil; with 15 min of treatment, the
standard recovery rate was 78–96%. Kazi et al27

used ultrasonic to extract Cu, Cd, Cr, Pb, Ni, Zn,
and other metal elements from the sludge of a
sewage treatment plant. Compared with the BCR
protocol (the Community Bureau of Reference, now
the European Union Measurement and Testing Pro-
gramme), the recovery rates of all metal elements
were up to 95–100%, except that of Cu (92%).
Maduro et al28 extracted Pb and Cd elements from
biological samples using ultrasound at a power of
63 W, the frequency of 22.5 kHz; with 5–10 min
treatment, over 90% of the total metal elements
were extracted from biological samples. Liu et al29

used ultrasonic at the frequency of 40 kHz, the
power of 250 W to extract Zn, Fe, Cu, and Mn
elements from hairs, tea leaves, celery leaves, and
celery stems. Their results showed that the optimal
extraction time was 20–30 min and the recovery rate
was 91%-l6%. Wu et al30 extracted K, Ca, Mg, B, Zn,
P, Mn, and other elements from tobacco leaves with
40 min of ultrasonic treatment. Compared with the
HNO3-perchloric acid extraction method, ultrasonic
treatment achieves a better extraction effect on K,
Ca, Mg, B, and Zn, but not on P and Mn. A possible
explanation is that P and Mn exist in stable organic
forms, which are difficult to disrupt.

According to the previous research findings and
the results of this study, the metal extraction effect
is quite satisfactory when the ultrasonic treatment
is longer than 5 min. On the other hand, Liu et al
obtained an optimal extraction time of 20–30 min.
The present study confirms that the concentrations
of the four heavy metals almost approaches to a
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stable level after 50 min of ultrasonic treatment,
which is slightly longer than the duration mentioned
in previous work. The difference here is perhaps
due to the choice of the extraction agents. This
study used river water as the extraction agent,
while others have used single acid (such as HNO3)
or multiple acid solutions as the extraction agent.
Metals have a higher solubility and dissolution rate
in acid solution than in water, so the extraction
time of acid solution is shorter. The changes of
concentrations of the four metals are not consistent
as at the sediment surface and 10 cm below the
surface. At the surface, the concentrations decline
rapidly during the first 20 min of ultrasonic treat-
ment, while at 10 cm below the surface, the concen-
trations decline significantly during the first 10 min
of ultrasonic treatment. For the liquid-solid system,
the ultrasonic effect produces cavitation bubbles in
the medium, as well as corrosion and local heating
on the solid surface. The turbulence caused by
micro jet can significantly improve the mass transfer
process between the liquid medium and the solid
surface31.

Out of the exchangeable, carbonate binding,
Fe−Mn binding, organic binding, and residue states
of the four heavy metals, the concentrations of the
exchangeable state and carbonate binding state of
Fe and Mn at the sediment surface changed greatly,
while at 10 cm below the surface, the concentrations
of the Fe−Mn binding state of Cu and Zn, as well as
the Fe−Mn binding state and organic binding state
of Pb and Cr declined significantly. The changes in
concentration occurred during the first 20 min of
ultrasonic treatment. Meng et al32 used ultrasonic
wavesat the frequency of 42 kHz to extract Fe, Cu,
and Pb elements from honeysuckle, and found the
best extraction effect on Cu, followed by Pb, while
the effect on Fe was the weakest. The extraction
rate was irrelevant with the contents of elements
in honeysuckle. The difference may be due to the
state of various elements in the honeysuckle. The
present study also shows that the concentrations of
the five states of four metals change in different
patterns as at the sediment surface and at 10 cm
below the surface. This confirms the speculation
of Meng et al32. Ultrasonic waves propagate dif-
ferently at the sediment-water interface and in sed-
iments, which is the root cause that leads to the
different patterns of change of the four metals and
five states at the sediment surface and 10 cm below
the surface.

The experimental results suggest that the ultra-
sonic algae inhibition technology is not sufficiently

safe and reliable. While eliminating algae cells,
ultrasonic technique can also generate a series of
other mechanical, chemical, thermal, and biological
effects.33, 34. Firstly, the mechanical effects includes
micro jet, shock wave, and sound streaming caused
by ultrasonic cavitation that can lead to the macro
turbulence of liquid flow and high-speed collision
of solid particles, which will in turn strengthen
the eddy diffusion and promote the mass transfer
effect. Secondly, the accompanied phenomena such
as micro jet and impinging stream produced by
ultrasonic cavitation can exert impact, peeling, and
erosion effects on the liquid-liquid and liquid-solid
interface, which will then update the interface sta-
tus. Meanwhile, the accompanied activation effect
can create an active surface. These two together
will strengthen the mass transfer effect. Thirdly, the
effect that promotes mass transfer is originated from
the micro turbulence in the porous medium caused
by micro jet and shock wave. It will strengthen
the diffusion of substances within the pores. The
combined action of these ultrasonic effects eventu-
ally accelerates the release of heavy metals from the
sediment surface and sediments below the surface,
which at the same time introduces the risk of sec-
ondary pollution. If the ultrasonic technology is
applied to water sources, it may increase the con-
tents of heavy metals in the raw tap water and thus
increase the risk of drinking water safety. Hence
the ultrasonic algae inhibition technology should
be cautiously considered in practical applications in
accordance with the specific use of water sources.

The study conducted by Lee et al13 showed that
ultrasonic waves applied for 3 s can kill 80% of
algae cells, while applied for 30 s can lead to almost
complete alga settlement. Some other scholars also
concluded that the ultrasonic treatment can achieve
good inhibitory effects on algal cells within 5 min
of treatment7, 9, 12. Ample evidence can be found
to prove the inhibitory effect of ultrasonic on algae
within a short application time. Thus in practical
applications, the duration of ultrasonic treatment
should be controlled as short as possible, in order
to limit the release of heavy metals from sediments
into the water body. An optimal combination of
ultrasonic parameters (frequency, power, and du-
ration) should be able to achieve good inhibitory
effect while reducing the risk of heavy metals release
from sediments. Future studies with respect to
the ultrasonic algae inhibition technology should
focus on the determination of suitable ultrasonic
parameters in order to control the release of heavy
metals from sediments.
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CONCLUSIONS

Ultrasonic treatment can accelerate the release of
heavy metals from sediments. The effect of ultra-
sonic is the most significant on the release of Pb,
followed by Zn, Cu, and Cr. With the increase of
ultrasonic treatment duration, the concentrations
of Cu, Zn, Cr, and Pb in the water body reach
the peak value and approach to a stable level at
45 min, 50 min, 30 min, and 35 min, respectively.
The particular form of heavy metals in sediments
can influence the release of metals to a certain
extent. Ultrasonic exhibits a significant effect on
the Fe−Mn binding state and exchangeable state of
metals, while the effect on the carbonate binding,
organic binding, and residual states is less signifi-
cant. The ultrasonic algae inhibition technology is
not perfectly safe and reliable. It involves the risk of
increasing the concentration of heavy metals in the
water body.

Acknowledgements: We gratefully acknowledge grant
supported by Natural Science Foundation of China (3147
0507) and China Building Materials Industry Association
technology innovation projects (2013-M5-2).

REFERENCES

1. Nakano K, Lee TJ, Matsumura M (2001) In situ
algal bloom control by the integration of ultrasonic
radiation and jet circulation to flushing. Environ Sci
Tech 35, 4941–6.

2. Ahn CY, Park MH, Joung SH, Kim HS, Jang KY (2003)
Growth inhibition of cyanobacteria by ultrasonic ra-
diation: laboratory and enclosure studies. Environ
Sci Tech 37, 3031–7.

3. Ahn CY, Joung SH, Choi A, Kim HS, Jang KY (2007)
Selective control of cyanobacteria in eutrophic pond
by a combined device of ultrasonication and water
pumps. Environ Tech 28, 371–9.

4. Joyce EM, Wu X, Mason TJ (2010) Effect of ultra-
sonic frequency and power on algae suspensions.
J Environ Sci Health A 45, 863–6.

5. Ma B, Chen Y, Hao H, Wu M, Wang B (2005) Influ-
ence of ultrasonic field on microcystins produced by
bloom-forming algae. Colloid Surf B 41, 197–201.

6. Tang J, Wu Q, Hao H, Chen Yifang Wu Minsheng
(2002) Growth inhibition of the cyanobacterium
Spirulina (Arthrospira) platensis by 1.7 MHz ultra-
sonic irradiation. J Appl Phycol 15, 37–43.

7. Hao H, Wu M, Chen Y, Tang J, Wu Q (2004)
Cyanobacterial bloom control by ultrasonic irradia-
tion at 20 kHz and 1.7 MHz. J Environ Sci Health A
39, 1435–46.

8. Zhang G, Zhang P, Liu H, Wang B (2006) Ultrasonic
damages on cyanobacterial photosynthesis. Ultrason
Sonochem 13, 501–5.

9. Zhang G, Zhang P, Wang B, Liu H (2006) Ultrasonic
frequency effects on the removal of Microcystis aerug-
inosa. Ultrason Sonochem 13, 446–50.

10. Joyce EM, Wu X, Mason TJ (2010) Effect of ultra-
sonic frequency and power on algae suspensions.
J Environ Sci Health A 45, 863–6.

11. Chen J, Wang B, Zhang GM, You Y (2007) Enhance-
ment of ultrasonic coagulation on removal of algae.
Chin J Environ Eng 1, 66–9. [in Chinese]

12. Rajasekhar P, Fan L, Nguyen T, Roddick F (2012)
Impact of sonication at 20 kHz on Microcystis aerugi-
nosa, Anabaena circinalis and Chlorella sp. Water Res
46, 1473–81.

13. Lee TJ, Nakano K, Matsumara M (2001) Ultrasonic
irradiation for blue-green algae bloom control. Envi-
ron Tech 22, 383–90.

14. Yang D, Yuepu P, Lihong Y, Xiaoxiao Q, Yunhui L, Wei
W (2009) Parameters optimization of ultrasound al-
gae removal technology and bloom removal study in
Taihu Lake. J Southeast Univ 39, 354–8. [in Chinese]

15. Fan G, Zhang Z, Luo J, Qian LL (2014) Parameter
optimization of ultrasound technology for algae re-
moval and its application in Pengxi river of Three
Gorges reservoir. Asian J Chem 26, 1165–70.

16. Dong Y, Gao L, Gu X (2015) Removal of heavy met-
als from sludge by ultrasound-assisted biosurfactant
leaching. Chem Ind Times 29, 14–7. [in Chinese]

17. Askari P, Faraji A, Khayatian G, Mohebbi S (2017)
Effective ultrasound-assisted removal of heavy metal
ions As(III), Hg(II), and Pb(II) from aqueous solution
by new MgO/CuO and MgO/MnO2 nanocomposites.
J Iran Chem Soc 14, 613–21.

18. Collasiol A, Pozebon D, Maia SM (2004) Ultrasound
assisted mercury extraction from soil and sediment.
Anal Chim Acta 518, 157–64.

19. Ozkan MH, Gurkan R, Ozkan A, Akcay M (2005) De-
termination of manganese and lead in roadside soil
samples by FAAS with ultrasound assisted leaching.
J Anal Chem 60, 469–74.

20. He Z, Siripornadulsil S, Sayre RT, Traina SJ,
Weavers LK (2011) Removal of mercury from sedi-
ment by ultrasound combined with biomass (trans-
genic Chlamydomonas reinhardtii). Chemosphere 83,
1249–54.

21. Chu CP, Chang BV, Liao GS, Jean DS, Lee DJ (2001)
Observations on changes in ultrasonically treated
waste-activated sludge. Water Res 35, 1038–46.

22. Väisänen A, Suontamo R, Silvonen J, Rintala J (2002)
Ultrasound-assisted extraction in the determination
of arsenic, cadmium, copper, lead, and silver in
contaminated soil samples by inductively coupled
plasma atomic emission spectrometry. Anal Bioanal
Chem 373, 93–7.

23. Chen HL, Yan YY (2012) Study on removing heavy
metals in farming sludge using ultrasonic. Sichuan
Environ 31, 1–4. [in Chinese]

24. Rezvaniboroujeni A, Javanbakht M, Karimi M,

www.scienceasia.org

http://www.scienceasia.org/2017.html
http://dx.doi.org/10.1021/es010711c
http://dx.doi.org/10.1021/es010711c
http://dx.doi.org/10.1021/es010711c
http://dx.doi.org/10.1021/es010711c
http://dx.doi.org/10.1021/es034048z
http://dx.doi.org/10.1021/es034048z
http://dx.doi.org/10.1021/es034048z
http://dx.doi.org/10.1021/es034048z
http://dx.doi.org/10.1080/09593332808618800
http://dx.doi.org/10.1080/09593332808618800
http://dx.doi.org/10.1080/09593332808618800
http://dx.doi.org/10.1080/09593332808618800
http://dx.doi.org/10.1080/10934521003709065
http://dx.doi.org/10.1080/10934521003709065
http://dx.doi.org/10.1080/10934521003709065
http://dx.doi.org/10.1016/j.colsurfb.2004.12.010
http://dx.doi.org/10.1016/j.colsurfb.2004.12.010
http://dx.doi.org/10.1016/j.colsurfb.2004.12.010
http://dx.doi.org/10.1023/A:1022946807082
http://dx.doi.org/10.1023/A:1022946807082
http://dx.doi.org/10.1023/A:1022946807082
http://dx.doi.org/10.1023/A:1022946807082
http://dx.doi.org/10.1081/ESE-120037844
http://dx.doi.org/10.1081/ESE-120037844
http://dx.doi.org/10.1081/ESE-120037844
http://dx.doi.org/10.1081/ESE-120037844
http://dx.doi.org/10.1016/j.ultsonch.2005.11.001
http://dx.doi.org/10.1016/j.ultsonch.2005.11.001
http://dx.doi.org/10.1016/j.ultsonch.2005.11.001
http://dx.doi.org/10.1016/j.ultsonch.2005.09.012
http://dx.doi.org/10.1016/j.ultsonch.2005.09.012
http://dx.doi.org/10.1016/j.ultsonch.2005.09.012
http://dx.doi.org/10.1080/10934521003709065
http://dx.doi.org/10.1080/10934521003709065
http://dx.doi.org/10.1080/10934521003709065
http://dx.doi.org/10.3969/j.issn.1673-9108.2007.03.015
http://dx.doi.org/10.3969/j.issn.1673-9108.2007.03.015
http://dx.doi.org/10.3969/j.issn.1673-9108.2007.03.015
http://dx.doi.org/10.1016/j.watres.2011.11.017
http://dx.doi.org/10.1016/j.watres.2011.11.017
http://dx.doi.org/10.1016/j.watres.2011.11.017
http://dx.doi.org/10.1016/j.watres.2011.11.017
http://dx.doi.org/10.1080/09593332208618270
http://dx.doi.org/10.1080/09593332208618270
http://dx.doi.org/10.1080/09593332208618270
http://dx.doi.org/10.3969/j.issn.1001-0505.2009.02.031
http://dx.doi.org/10.3969/j.issn.1001-0505.2009.02.031
http://dx.doi.org/10.3969/j.issn.1001-0505.2009.02.031
http://dx.doi.org/10.3969/j.issn.1001-0505.2009.02.031
http://dx.doi.org/10.14233/ajchem.2014.16125
http://dx.doi.org/10.14233/ajchem.2014.16125
http://dx.doi.org/10.14233/ajchem.2014.16125
http://dx.doi.org/10.14233/ajchem.2014.16125
http://dx.doi.org/10.16597/j.cnki.issn.1002-154x.2015.07.005
http://dx.doi.org/10.16597/j.cnki.issn.1002-154x.2015.07.005
http://dx.doi.org/10.16597/j.cnki.issn.1002-154x.2015.07.005
http://dx.doi.org/10.1007/s13738-016-1011-y
http://dx.doi.org/10.1007/s13738-016-1011-y
http://dx.doi.org/10.1007/s13738-016-1011-y
http://dx.doi.org/10.1007/s13738-016-1011-y
http://dx.doi.org/10.1007/s13738-016-1011-y
http://dx.doi.org/10.1016/j.aca.2004.04.021
http://dx.doi.org/10.1016/j.aca.2004.04.021
http://dx.doi.org/10.1016/j.aca.2004.04.021
http://dx.doi.org/10.1007/s10809-005-0121-y
http://dx.doi.org/10.1007/s10809-005-0121-y
http://dx.doi.org/10.1007/s10809-005-0121-y
http://dx.doi.org/10.1007/s10809-005-0121-y
http://dx.doi.org/10.1016/j.chemosphere.2011.03.004
http://dx.doi.org/10.1016/j.chemosphere.2011.03.004
http://dx.doi.org/10.1016/j.chemosphere.2011.03.004
http://dx.doi.org/10.1016/j.chemosphere.2011.03.004
http://dx.doi.org/10.1016/j.chemosphere.2011.03.004
http://dx.doi.org/10.1016/S0043-1354(00)00338-9
http://dx.doi.org/10.1016/S0043-1354(00)00338-9
http://dx.doi.org/10.1016/S0043-1354(00)00338-9
http://dx.doi.org/10.1007/s00216-002-1290-2
http://dx.doi.org/10.1007/s00216-002-1290-2
http://dx.doi.org/10.1007/s00216-002-1290-2
http://dx.doi.org/10.1007/s00216-002-1290-2
http://dx.doi.org/10.1007/s00216-002-1290-2
http://dx.doi.org/10.1007/s00216-002-1290-2
http://dx.doi.org/10.3969/j.issn.1001-3644.2012.03.001
http://dx.doi.org/10.3969/j.issn.1001-3644.2012.03.001
http://dx.doi.org/10.3969/j.issn.1001-3644.2012.03.001
http://dx.doi.org/10.1021/ie504106y
http://dx.doi.org/10.1021/ie504106y
www.scienceasia.org


ScienceAsia 43 (2017) 253

Shahrjerdi C, Akbariadergani B (2015) Immobliza-
tion of thiol-functionalized nanosilica on the surface
of poly(ether sulfone) membranes for the removal
of heavy-metal ions from industrial wastewater sam-
ples. Ind Eng Chem Res 54, 502–13.

25. Tessier A, Campbell PGC, Bisson M (1979) Sequen-
tial extraction procedure for the speciation of partic-
ulate trace metals. Anal Chem 51, 844–51.

26. Peng JR, Gan ZY, Nong YJ (2011) Continuous deter-
mination of available Cu, Fe, Zn and Mn in soil by
ultrasonic extraction-flame atomic absorption spec-
trometry. J Anal Sci 27, 261–3. [in Chinese]

27. Kazi TG, Jamali MK, Siddiqui A, Kazi GH, Arain
MB, Afridi HI (2006) An ultrasonic assisted extrac-
tion method to release heavy metals from untreated
sewage sludge samples. Chemosphere 63, 411–20.

28. Maduro C, Vale G, Alves S, Galesio M, Silva MDR,
Gomes Fernandez C, Catarino S, Rivas MG, Mota
AM, Capelo JL (2006) Determination of Cd and Pb
in biological reference materials by electrothermal
atomic absorption spectrometry: A comparison of
three ultrasonic-based sample treatment procedures.
Talanta 68, 1156–61.

29. Liu LY, Zhang YX, Ma J, Song T, Gong W, Du X (2009)
Ultrasonic extraction of trace metals in biological and
food samples. J Hyg Res 38, 96–8. [in Chinese]

30. Wu YP, Li FT, Li QZ, Wang DD, Yang JH (2002)
ICP-AES determination of multi-elements in tobacco
extracted with ultrasonic. Chin J Spectros Lab 19,
508–11. [in Chinese]

31. Jovović V, Davidović G, Tošić BS (1996) Mass distri-
bution in heterogeneous structures. Physica A 223,
263–71.

32. Meng J, Li XF (2011) Determination of Fe, Cu and
Pb in honeysuckle by FAAS with supersonic wave
extraction. Chin J Spectros Lab 28, 2338–42. [in
Chinese]

33. Feng N (1999) Ultrasonic manual. Nanjing Univ
Press, Nanjing, pp 33–64.

34. Richards WT, Loomis AL (1927) The chemical effects
of high frequency sound waves I. A preliminary sur-
vey. J Am Chem Soc 49, 3086–100.

www.scienceasia.org

http://www.scienceasia.org/2017.html
http://dx.doi.org/10.1021/ie504106y
http://dx.doi.org/10.1021/ie504106y
http://dx.doi.org/10.1021/ie504106y
http://dx.doi.org/10.1021/ie504106y
http://dx.doi.org/10.1021/ie504106y
http://dx.doi.org/10.1021/ac50043a017
http://dx.doi.org/10.1021/ac50043a017
http://dx.doi.org/10.1021/ac50043a017
http://dx.doi.org/10.1016/j.chemosphere.2005.08.056
http://dx.doi.org/10.1016/j.chemosphere.2005.08.056
http://dx.doi.org/10.1016/j.chemosphere.2005.08.056
http://dx.doi.org/10.1016/j.chemosphere.2005.08.056
http://dx.doi.org/10.1016/j.talanta.2005.07.020
http://dx.doi.org/10.1016/j.talanta.2005.07.020
http://dx.doi.org/10.1016/j.talanta.2005.07.020
http://dx.doi.org/10.1016/j.talanta.2005.07.020
http://dx.doi.org/10.1016/j.talanta.2005.07.020
http://dx.doi.org/10.1016/j.talanta.2005.07.020
http://dx.doi.org/10.1016/j.talanta.2005.07.020
http://dx.doi.org/10.3969/j.issn.1004-8138.2002.04.024
http://dx.doi.org/10.3969/j.issn.1004-8138.2002.04.024
http://dx.doi.org/10.3969/j.issn.1004-8138.2002.04.024
http://dx.doi.org/10.3969/j.issn.1004-8138.2002.04.024
http://dx.doi.org/10.1016/0378-4371(95)00298-7
http://dx.doi.org/10.1016/0378-4371(95)00298-7
http://dx.doi.org/10.1016/0378-4371(95)00298-7
http://dx.doi.org/10.3969/j.issn.1004-8138.2011.05.045
http://dx.doi.org/10.3969/j.issn.1004-8138.2011.05.045
http://dx.doi.org/10.3969/j.issn.1004-8138.2011.05.045
http://dx.doi.org/10.3969/j.issn.1004-8138.2011.05.045
http://dx.doi.org/10.1021/ja01411a015
http://dx.doi.org/10.1021/ja01411a015
http://dx.doi.org/10.1021/ja01411a015
www.scienceasia.org

