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bstract

The application of high intensity, low frequency ultrasound for the disinfection of simulated and septic tank wastewaters is evaluated in this work.
aboratory scale experiments were conducted at 24 and 80 kHz ultrasound frequency with horn-type sonicators capable of operating in continuous
nd pulsed irradiation modes at nominal ultrasound intensities up to 450 W. For the experiments with simulated wastewaters, Escherichia coli
ere used as biological indicator of disinfection efficiency, while for the experiments with septic tank wastewaters, the total microbiological load
as used. Complete elimination of E. coli could be achieved within 20–30 min of irradiation at 24 kHz and 450 W with the efficiency decreasing

ith decreasing intensity and frequency. Moreover, continuous irradiation was more effective than intermittent treatment based on a common

nergy input. Irradiation of the septic tank effluent prior to biological treatment at 24 kHz and 450 W for 30 min resulted in a three-log total
icrobiological load reduction, and this was nearly equal to the reduction that could be achieved during biological treatment. Bacterial cell

limination upon irradiation was irreversible as no reappearance of the microorganisms occurred after 24 h.
2007 Published by Elsevier B.V.
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. Introduction

Disinfection has become a challenging aspect of water treat-
ent because of the rapid elevation of health standards and the

rowing concern for pollution-free water resources. The most
ommonly used disinfection methods utilize cheap and effective
hemicals such as chlorine and its products, which unfortunately,
ave a number of serious drawbacks. They produce chlorinated
rganic products, which are dangerous for mankind as well as the
nvironment, since they are toxic, carcinogenic, and mutagenic
1]. Additionally, they cannot totally inactivate all the pathogenic
icroorganisms that can be present in wastewaters or the drink-

ng water due to their low oxidant action [2]. Due to these
roblems alternative methods for water disinfection are being
nvestigated, and amongst these is the application of ultrasound.
Sonochemical oxidation techniques involve the use of ultra-
ound waves to produce an oxidative environment via cavitation
hat yields localized microbubbles and supercritical regions

∗ Corresponding author. Tel.: +30 2310 997785; fax: +30 2310 997784.
E-mail address: poulios@chem.auth.gr (I. Poulios).
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n the aqueous phase. The collapse of these bubbles leads to
xtremely high local temperatures and pressures. These con-
itions are very short-lived, but have shown to result in the
eneration of highly reactive radicals [3], which are capable of
nitiating or promoting many fast reduction–oxidation reactions.
onochemistry is an example of advanced oxidation process
AOP). AOP owe their enhanced reactivity, at least in part, to
he generation of reactive free radicals, the most important of
hich is the excited hydroxyl radical (•OH) [4].
Ultrasound is able to inactivate bacteria and deagglomerate

acterial clusters through a number of physical, mechanical, and
hemical effects arising from acoustic cavitation. On collapse,
avitation bubbles produce enough energy to mechanically
eaken or disrupt bacteria or biological cells via a number of
rocesses [5]:

Forces due to surface resonance of the bacterial cell are
induced by cavitation. Pressures and pressure gradients result-

ing from the collapse of gas bubbles which enter the bacterial
solution on or near the bacterial cell wall. Bacterial cell dam-
age results from mechanical fatigue, over a period of time,
which depends on frequency.

mailto:poulios@chem.auth.gr
dx.doi.org/10.1016/j.jhazmat.2007.04.065
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Table 2
Composition of the nutrient broth LB-agar

Substance Concentration (mg L−1)

Bactrotryptone 10,000
Yeast extract 5000
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Shear forces induced by microstreaming occurs within bac-
terial cells.
Chemical attack due to the formation of radicals (•OH and
•H) during cavitation in the aqueous medium. These radicals
attack the chemical structure of the bacterial cell wall and
weaken the cell wall to the point of disintegration.
Amongst the final products of the sonochemical degradation
of water is hydrogen peroxide, which is a strong bactericide.

Sonication alone can provide powerful disinfection. How-
ver, to achieve 100% kill rates using only ultrasound is
ecessary to use high ultrasonic intensities. Unfortunately, this
akes the technique expensive to use for general large-scale
icrobiological decontamination. Nevertheless, there is a drive

owards the use of ultrasound in decontamination as an adjunct
o other techniques because some microorganisms are becoming
esistant to existing disinfection techniques involving biocides,
ltraviolet light, and heat treatment. In this view, recent stud-
es have dealt with the use of low frequency ultrasound (in the
ange 20–40 kHz) alongside ozone [6], ultraviolet irradiation
7], hydrodynamic cavitation [8], electrolysis [9], chlorination
10–12], and heterogeneous catalysts (i.e. activated carbon,
eramic, zinc, and titanium dioxide) [13,14], and reported that
nhanced disinfection efficiencies could be achieved with the
ombined treatments. Process efficiency may also be dictated
y operating conditions such as ultrasound intensity, frequency,
nd conduct time as well as the water matrix (i.e. pH, alkalinity,
uspended solids, dissolved gases) [5,13,15,16].

This paper addresses the disinfection of municipal wastewa-
er using sonication alone in order to determine the fundamental
ffects of changes in frequency, power, and sonication time on
acterial elimination.

. Materials and methods

.1. Wastewaters

Experiments were conducted at laboratory scale using both
ynthetic municipal and septic tank wastewaters. The synthetic
astewater, whose composition is shown in Table 1, was pre-
ared according to an OECD recipe [17], and has a mean

−1
issolved organic carbon concentration of about 40 mg L
100 mg L−1 COD). The septic tank wastewater with an ini-
ial COD and total microbiological load of 1200 mg L−1 and

106 col ml−1 respectively, was taken from the Michaniona

able 1
omposition of the synthetic municipal wastewater

ubstance Concentration (mg L−1)

eptone 64
eat extract 44
rea 12

2HPO4 11.2
aCl 2.8
aCl2·2H2O 1.6
gSO4·7H2O 0.8
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aCl 10,000
gar 15,000

astewater treatment plant at the Greater Thessaloniki Area.
amples were collected from the equalization tank of the plant,
s well as from the outlet of the secondary treatment unit.

.2. Sonication experiments

An Ultrason 250 (LabPlant, UK) ultrasound generator oper-
ting at a fixed frequency of 80 kHz and a variable electric power
utput up to 150 W, connected to a titanium-made horn with a
mm tip was used. For those experiments carried out at a fre-
uency of 24 kHz, a UP 400S (Dr Hielscher GmbH, Germany)
orn-type sonicator operating at a variable electric power out-
ut up to 450 W was used instead. Both sonicators can operate
ither continuously or in pulse (i.e. on–off) mode. Reactions
ere carried out in an open to the atmosphere cylindrical all-
lass reaction vessel. In all cases, 100 ml of wastewater were
ubjected to ultrasonic irradiation.

.3. Assessment of disinfection efficiency

A suspension of Escherichia coli XL-1 Blue was prepared
y overnight growth at 37 ◦C in a shaking incubator in broth
B, whose composition in shown in Table 2. E. coli XL-1 Blue
an grow in the presence of the antibiotic tetracycline. By that,
nly the added E. coli can grow, ensuring that there would be
o external infection. The bacterial cell concentration present
n a given sample can be determined by measuring the optical
ensity (OD) (turbidity) of the suspension, and therefore, OD
easurement was used for bacterial calibration (600 nm). For

eproducibility between experiments, bacterial cell suspensions
ere prepared to an OD of 0.7. Finally, a specific volume of the

bove suspension was added to the synthetic wastewater.
The disinfection efficacy of ultrasound irradiation was

ssessed by measuring the microorganism colonies present
efore and after treatment. Enumeration of bacteria was done
y viable plate counts [18]. This is a standard plate count-
ng technique, which accurately reflects the number of viable
olony forming units (CFU) remaining after sonication. For
his purpose, plate count agar was used as the growth medium.
erial dilutions of the sonicated bacterial suspension samples
ere prepared using the synthetic wastewater, and analyzed by
iable count (spread plate technique 1 ml) on nutrient agar, in the
resence of 12 �g ml−1 of the antibiotic tetracycline. Following
ncubation at 37 ◦C for 24 h, the number of CFU could then be

orrelated with the amount of viable bacterial cells per milliliter
f suspension.

For the experiments with septic tank wastewater, the extent
f disinfection of the total microbiological load was estimated
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Fig. 2. Temporal change of E. coli population during sonication of synthetic
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y using broth LB-agar, as the growth medium, in the absence
f the antibiotic tetracycline.

. Results and discussion

The effect of ultrasound intensity and frequency on bacte-
ial elimination is shown in Fig. 1, where experiments with the
ynthetic wastewater were performed at 24 kHz ultrasound fre-
uency and nominal intensities varying between 90 and 450 W
s well as at 80 kHz, and a nominal intensity of 150 W. As can be
learly seen, the rate of bacterial removal increases with increas-
ng ultrasound power at a constant frequency, and for instance,
he removal is complete approximately after 15 and 90 min at
50 and 90 W, respectively at 24 kHz. The beneficial impact of
ncreasing ultrasound intensity on elimination rates has also been
emonstrated in several previous studies [5,7,10,15,16]. At a
onstant nominal applied power of 150 W, increasing ultrasound
requency from 24 to 80 kHz has little effect on microbial elim-
nation with only 170 and 135 col ml−1 surviving respectively
fter 30 min, and complete elimination occurring after 45 min.
amples taken 24 h after the end of the sonication runs were rean-
lyzed with respect to the bacterial population that might have
een regenerated. In all cases, no reappearance was observed.
nterestingly, the effect of changing frequency on bacterial elim-
nation has received little attention in the literature. Hua and
hompson [15] reported that increasing ultrasound frequency

rom 205 to 358 to 618, and finally to 1071 kHz at common
perating conditions (e.g. applied power of about 128 W emit-
ed by a plate-type sonicator in 300 ml oxygenated solutions)
ad a considerable adverse effect on E. coli elimination rates,
hich decreased from 0.078 min−1 at 205 kHz to 0.03 min−1

t 1071 kHz. The authors speculated that the increased hydro-

en peroxide production rates (due to water sonolytic cleavage)
bserved at lower frequencies would result in increased bacte-
ial removal since hydrogen peroxide, and its cleavage reactive
adicals behave as disinfectants.

ig. 1. Temporal change of E. coli population during sonication of synthetic
astewater at various ultrasound intensities and frequencies. (–�–) 24 kHz,
50 W; (–�–) 24 kHz, 300 W; (–�–) 24 kHz, 150 W; (–×–) 24 kHz, 90 W;
–©–) 80 kHz, 150 W.
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astewater at 80 kHz, 150 W, and various cycles of irradiation. –×–, continuous
rradiation; –�–, 9 s on–1 s off; –�–, 5 s on–5 s off.

In further experiments, the effect of irradiation mode (i.e. con-
inuous versus pulsed) was examined at 80 kHz and 150 W of
ltrasound frequency and intensity, respectively, and the results
re shown in Fig. 2. It should be noted that the timescale of
ig. 2 corresponds to the overall treatment time (i.e. including

he “off” period), and not only the irradiation time, for example,
or the run performed at 5 s on–5 s off cycle, the actual irradiation
ime is only 60 min. As can be clearly seen, complete bacterial
limination can rapidly occur during continuous irradiation, and
his is accompanied by the lack of any reappearance of bacterial
olonies over the following 24 h (inset numbers in Fig. 2 show
4-h reappearance populations). On the other hand, a short pause
f irradiation (i.e. 1 s in every 10 s of operation) has a substan-
ial detrimental effect on disinfection with complete elimination
ccurring only after 120 min of treatment (this corresponds to
08 min of irradiation). For the 5 s on–5 s off operation, about
10 col ml−1 survive after 60 min of irradiation, and this is still
igher than the surviving population after the same period of irra-
iation for the 9 s on–1 s off mode of operation. These results
how that continuous irradiation is clearly more effective than
ntermittent operation for the same energy input presumably due
o the fact that the submission of bacteria to physical, mechan-
cal, and chemical effects arising from continuous cavitation
esults in severe and irreversible cell damage.

In a final set of experiments, both the untreated and bio-
ogically treated septic tank wastewaters were subjected to
onication at 24 kHz and 300 or 450 W, and the change of the
otal microbiological load was followed as a function of irradi-
tion time.

As seen in Fig. 3, the untreated effluent has a microbiologi-
al load in the order of 105–106 col ml−1, and this is reduced
o about 5000 col ml−1 after secondary treatment. By means
f ultrasound irradiation, this reduction can be achieved after

0 min of sonication at 450 W (dotted line in Fig. 3). Increas-
ng intensity from 300 to 450 W has only a marginal effect on
isinfection efficiency.
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ig. 3. Temporal change of total microbiological load during sonication of septic
ank wastewater at 24 kHz. (–�–) untreated effluent, 450 W; (–�–) untreated
ffluent, 300 W; (–�–) biologically treated effluent, 450 W; (–©–) biologically
reated effluent, 300 W.

From Figs. 1 and 3, it can be seen that disinfection of synthetic
astewater at 24 kHz and 300 or 450 W proceeds substantially

aster than that of untreated septic tank effluent at common con-
itions. This is possibly due to the fact that the water matrix
f the actual effluent is considerably different from that of the
ynthetic effluent, and this affects sonochemical efficiency. For
nstance, the organic load, in terms of COD, of the untreated
ffluent is about 1200 mg L−1, that is, 10 times more than that
f the synthetic wastewater. It is well known that the organic
dditives compete the bacteria on the OH• capture, lowering so
he disinfection efficiency of the method. Previous studies have
hown that water quality such as suspended solids and alkalin-
ty [16], dissolved gases [15], as well as the presence of radical
cavengers [13] may partly affect disinfection efficiency.

. Conclusions

In this work the sonolytic disinfection of synthetic and real
astewater has been demonstrated. It was observed that, high
ower and low frequency ultrasound is capable of eliminating
early completely the E. coli colonies in synthetic municipal

astewaters, as well as the total microbiological load in actual
unicipal wastewaters at relatively short irradiation times.
Besides the irradiation time, other factors that affect disin-

ection efficiency are ultrasound frequency and intensity, type

[

[
[
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f operation (i.e. continuous or pulsed), as well as the water
atrix (i.e. concentration and composition of the effluent).
Finally, it was observed that cell elimination induced by

ltrasound irradiation is permanent, as denoted by the zero reap-
earance rates of the disrupted bacteria.
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