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a b s t r a c t

The hydrolysis is known to be the rate-limiting step of biological sludge anaerobic degradation. The
disruptions of sludge flocs and microbial cell walls by ultrasound combined with ozone treatment (US/O3)
were investigated in laboratory-scale experiments. The results showed that temperature, O3 dose, US
energy density and pH had a positive effect on the disintegration of sludge. The organic substrates were
released into the liquor, which induced the increases of soluble chemical oxygen demand (CODS) and
eywords:
ltrasound
zone
isintegration
echanism
aste activated sludge

turbidity in the aqueous phase. Accordingly, the biodegradability of sludge was improved. The CODS

increased from 1821 to 2513 mg/l after reaction for 30 min when NaHCO3 was added, which indicated
that the ozone molecule played a major role in the disintegration of waste activated sludge. The CODS

was 2483 mg/l after 60 min O3 treatment followed by 60 min US treatment, and it changed into 3040 mg/l
after 60 min US/O3 treatment, which proved that US/O3 induced a synergetic effect. The pH-drop of sludge
from 6.8 to 5.21 might be attributed to the increase of volatile fatty acid from 61.35 to 111.96 mg/l during

ess.
the US/O3 treatment proc

. Introduction

Anaerobic digestion is well known as the green technique to
reat the biological sludge. However, anaerobic digestion is a very
low process with a long retention time of 20–30 days [1], since
he hydrolysis is the rate-limiting step [2]. In order to improve
ydrolysis and anaerobic digestion performance, using cell lyse
retreatments is one possible and effective route. Therefore, several
ethods to solubilize or hydrolyze sludge cells prior to anaero-

ic digestion have been developed, which include mechanical [3],
hemical [4–7] and thermal treatments [8,9].

For all methods mentioned above, ultrasonic technology, Fenton
rocess and ozone oxidizing method are promising technologies
or the disruption of sludge and the improvement of anaerobic
igestion performance. The ultrasonic application on sludge before
naerobic digestion process has been extensively investigated in
he recent 20 years [10–13]. Ultrasound (US) is well known to dis-
upt the sludge flocs and microbial cell walls, so US treatment can
nduce the release of soluble substances into aqueous phase. This

roduces more biogas and reduces the anaerobic digestion time.
he CODS, floc size, biodegradability, kinetic model and mecha-
ism of US treatment have been studied extensively [14–18]. The
ffect of ultrasound treatment is mainly induced by acoustic cav-
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itation, which is a combination of different phenomena, including
chemical reactions using radicals, pyrolysis, combustion and shear-
ing [18]. High frequency promotes oxidation by radicals, whereas
low frequency improves mechanical. Furthermore, hydromechani-
cal shear force produced by ultrasonic cavitations is predominantly
responsible for sludge disintegration [14]. Fenton technology is one
of the commonly used advanced oxidation processes (AOPs). Fer-
rous iron is used to initiate and catalyse the decomposition of H2O2
and produce hydroxyl radical (•OH) in Fenton system [19]. Fenton’s
reagent has been mainly used to improve the dewatering property
and reduce sludge production [20–22]. In the recent 2 years, Fenton
process starts to be used for improving sludge anaerobic biodegrad-
ability [23,24]. In AOPs, the •OH reactions are responsible for the
disruption of sludge [25]. The •OH with powerful oxidation abilities
reacts with the whole sludge without any selective, leading to the
mineralization of sludge solids. In addition, the H2O2 may increase
the volume of sludge, and the ferrous iron may bring adverse effects
on the next treatment process and sludge agricultural application.
These reasons limit the application of Fenton regent. Ozone oxi-
dation to disintegrate sludge cells also has been widely studied
[4,5,26–28]. Due to the strong oxidative property of ozone, it can be
used to disrupt the sludge flocs and lyse cells. The ozone oxidation

reaction does not possess selective, so ozone reacts with the whole
matter: soluble and particulate fractions, organic or mineral frac-
tions [26]. Ozonation effectiveness is based on the multiple effects
produced by the oxidative activity of ozone and ozone-derived oxi-
dation species, such as hydroxyl radical. The optimal consumed

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:shchen@iue.ac.cn
dx.doi.org/10.1016/j.jhazmat.2010.04.036
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ose of ozone ranges from 0.05 to 0.5 g O3/g total solid (TS) [27]. A
ineralization phenomenon will occur when ozone dose exceeds

.18 g O3/g TS [28]. Moreover, ozonation can modify viscosity, set-
lement and particle size of sludge [27,29].

Ozonation is scarcely applied on sludge because of the high
nergy consumption in O3 production, and this problem also exists
n the sludge disintegration by ultrasound. The majority of waste
ctivated sludge (WAS) is water, which absorbs the ultrasonic
nergy. Therefore, the sound energy used for the WAS degradation
s very little. Ozonation combined with sonolysis is an advanced
xidation process, which has been used for water and wastewater
reatment, especially used for treating hard-degradation organics
30,31]. US/O3 induces a synergetic effect, so US/O3 is more effective
han ozonation or sonolysis treatment alone. In the US/O3 reaction
rocess, ultrasonic radiation has been demonstrated to increase the
ass transfer of ozone to solution via increasing volumetric mass

ransfer coefficient. Moreover, O3 is decomposed to generate very
eactive free radicals, and the decomposition of O3 can be enhanced
y ultrasound to generate more •OH [32].

US/O3 has played obvious effects on water and wastewater
reatment, and it is more effective compared with ozonation or
onolysis treatment alone. In most reports, US treatment and O3
reatment were studied separately as the pretreatment methods of
naerobic digestion. Furthermore, few works has been devoted to
he US/O3 treatment on WAS. This study is aimed at investigating
he modification of WAS characteristics by US/O3 treatment and its
ffects on the anaerobic biodegradability. After the determination
f optimal operating conditions, mechanism of US/O3 treatment
as also investigated.

. Experimental

.1. Waste activated sludge

The WAS in our experiments was collected from a local full-
cale wastewater treatment plant (WWTP, Xiamen, China) that
sed the anaerobic-aerobic process, and was stored at 4 ◦C for use.
he characteristics of the sludge were as follows: water content
as 98.28%, pH was 6.8, CODS was 82.77 mg/l, total COD (TCOD)
as 17460 mg/l, suspended solids (SS) was 18218 mg/l and volatile

olids (VS) concentration was 10065 mg/l. The low CODS/TCOD
atio (0.05) implied that most COD existed in the solid phase.

.2. Apparatus

.2.1. US/O3 apparatus setup
Fig. 1 shows the scheme of ultrasound combined with ozone

reatment on WAS. The ultrasonic apparatus was an ultrasonic
omogenizer Autotune 950 W (SCIENTZ-IID, Xinzhi Inc., China),
orked with a probe with diameter of 8 mm and operating fre-

uency of 21 kHz. The ultrasonic probe was dipped 10 mm into the
ludge. The ultrasonic energy output was adjusted between 40 and
00 W under various test conditions; ozone was generated from
ure oxygen using an ozone generator (NPA20, Nippon Inc., China),
nd ozone was released to sludge by a microporous diffuser. The
oncentration and flow rate of O3 in gas phase, before and after
eaction with sludge, were measured. Gas flow rate was adjusted
rom 1 to 4 l/min under various experimental conditions. For each
atch experiment, 400 ml sludge was filled in a 7 cm × 25 cm (diam-
ter × height) bottle. According to various experimental conditions,
he pH and temperature of sludge were adjusted by 1 mol/l NaOH

nd a water bath, respectively.

.2.2. Anaerobic biodegradability apparatus setup
Anaerobic digestion tests were carried out to compare methane

roduction for different substrates with the same inoculum under
Fig. 1. Scheme of ultrasound combined with ozone treatment on waste activated
sludge.

mesophilic (35 ◦C) conditions. The inoculum used was collected
from the anaerobic digestion reactor in the same WWTP. The inocu-
lum was diluted to 4 g/l of volatile suspended solids (VSS). By adding
1 mol/l HCl or 1 mol/l NaOH before feeding, the pH of sample was
adjusted to 7.0. Treated or untreated sludge sample was added to
400 ml of inoculum, and 0.5 g COD/g VSS in the inoculum was intro-
duced in every bottle. Glass bottles were agitated (200 rpm) in order
to homogenize samples, and several control samples were realized:
a blank (deionized water), a sodium acetate sample (completely
biodegradable compound) and an untreated sample (raw sludge
added).

2.3. Analytical methods

The TS, SS, VS, COD, temperature and water content of sludge
samples were measured according to the standard methods [33].
For CODS measurement, the samples were centrifuged (centrifugal
force 10,000 × g) for 30 min, and the supernatant was removed for
analysis by using the normalized method [33]. The COD solubiliza-
tion (SCOD) represented the transfer of COD from the particulate
fraction of the sludge to the soluble fraction. SCOD was calculated
by using the difference between CODs and the initial CODs (CODS0),
comparing with the initial particulate COD (CODP0).

SCOD = CODS − CODS0

CODP0
× 100% (1)

The TS solubilization (STS) and VS solubilization (SVS) repre-
sented the transfer of TS and VS from the particulate fraction of the
sludge to the soluble fraction. The samples were centrifuged and
removed the supernatant, and the left solids were used for mea-
suring the TS and VS. For this paper, the TS and VS in the left solids
were called TSp and VSp, respectively. Solids concentrations of the
supernatant were deduced, and then matter solubilization (STS and
SVS) was calculated.

STS = TSp0 − TSp

TSp0
× 100% (2)

VSp0 − VSp

SVS =

VSp0
× 100% (3)

The pH value was measured with a PHS-3C instrument (Shang-
hai Precision &Scientific Inc., China). The turbidity was measured
by a portable turbiscan apparatus (AQ4500, Orion). Particle size
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as measured on a laser particle size analyzer (Mastersizer 2000,
alvern firm). The produced biogas was collected in a 100 ml cali-

rated glass cylinder [14], and the produced methane volumes were
easured by movement of liquid (water, pH 14). The O3 concen-

ration was determined by using iodimetric method [34].
The volatile fatty acid (VFA) was detected by gas chro-

atography (GC) (7890A, Agilent) equipped with a flame
onization detector. A capillary HP-FFAP column (30 m × 0.32 mm
.d. × 0.25 �m film thickness) was used with nitrogen as the car-
ier gas at a constant flow rate of 2 ml/min. Splitless injection of
�l of the sample was automaticity conducted. The GC oven tem-
erature was programmed from 60 ◦C (1 min) to 110 ◦C (0 min) at
◦C/min, then to 200 ◦C at 30 ◦C/min and held for 1 min. The injector

emperature was 200 ◦C and the detector temperature was 250 ◦C.

. Results and discussion

.1. Comparison of three processes (US, O3 and US/O3) for the
isintegration of WAS

Comparison of US, O3 and US/O3 for the disintegration of WAS
as presented in Fig. 2. At the end-point of the reaction (60 min),

he CODS was 797, 2347 and 3341 mg/l for US, O3 and US/O3 treat-
ent, respectively. US/O3 treatment made more COD release from

he particulate fraction to the soluble fraction than US and O3 treat-
ent alone.
The combination of ultrasound with ozone resulted in a syner-

etic, which led to the increase in the overall rate of disintegration.
n ozonation alone, O3 transferred from the gas phase into the liq-
id phase and then either reacted directly with the substrate or

ndirectly with radicals generated by O3 autodecomposition. As for

onolysis alone, reactions included shearing, pyrolysis and chem-
cal reactions with radicals generated from the pyrolysis of H2O
n a cavitation bubble [18,35]. However, in the US/O3 system, the
bove reaction pathways might be affected each other. For exam-
le, US could enhance the mass transfer of ozone to solution by

ig. 3. Effect of process variables on the disintegration of WAS. (a) Effect of initial pH: TS 1
nitial TS concentration of WAS: pH 6.8; O3 dose 0.6 g/h; US energy density 0.26 W/ml; tem
emperature 27 ◦C. (d) Effect of temperature: TS 19 g/l; pH 6.8; O3 dose 0.6 g/h; US energy
Fig. 2. Comparison of US, O3 and US/O3 for the disintegration of WAS: TS 10 g/l; pH
6.8; O3 dose 1.0 g/h; US energy density 0.26 W/ml; temperature 27 ◦C.

means of increasing volumetric mass transfer coefficient, which
might result in more O3 being transferred to the solution. Further-
more, US could enhance the decomposition of O3 to generate more
•OH to react with the substrate [32,36]. On the other hand, the
microbubbles of O3 might act as cavitation nucleuses of sonolysis to
produce more acoustic cavitations, which increased the efficiency
of US treatment.

3.2. Effects of the US/O3 operating conditions

3.2.1. Effect of pH
Fig. 3a shows the effect of initial pH on the disintegration of
sludge as the pH changed from 6.8 to 12.4. At the 30 min reac-
tion time-point, the SCOD was 11.99%, 21.34%, 27.58%, 28.54%, and
30.01% at pH 6.8, 8.1, 10.0, 11.1 and 12.4. At the end-point of the
reaction (60 min), the SCOD was 17.02%, 25.99%, 32.35%, 34.25%, and
36.59%, respectively.

9 g/l; O3 dose 0.6 g/h; US energy density 0.26 W/ml; temperature 27 ◦C. (b) Effect of
perature 27 ◦C. (c) Effect of O3 dose: TS 19 g/l; pH 6.8;US energy density 0.26 W/ml;
density 0.26 W/ml.
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The SCOD increased with the increase of pH, which was not
onsistent with the previous reports that the degradation rate
ecreased at high pH values [30,31]. The reason was that the sludge
ecame basic with the increase of pH, and the alkaline destroyed
oc structures and cell walls by hydroxy anions. Moreover, the
ombination of alkaline and ultrasonic treatment enhanced the
fficiency each other [6]. More O3 decomposed to secondary oxi-
ants when pH increased, such as the generation of more •OH
37]. However, the added basic matters to adjust pH might pro-
uce new pollutions and increase treatment costs. In addition, high
H brought adverse effects on the next anaerobic digestion. So
he optimal pH value should be set in light of the practice con-
itions.

.2.2. Effect of initial TS concentration of WAS
The effect of the initial TS concentration of WAS on disintegra-

ion was examined and the results were shown in Fig. 3b. As it could
e seen from Fig. 3b, the SCOD decreased with the increase of initial
ludge concentration. At the 30 min reaction time-point, the SCOD
as 24.44%, 11.99% and 6.2% at TS 10, 19 and 38 g/l. At the end-point

f the reaction (60 min), the SCOD was 32.26%, 17.02% and 10.32%,
espectively.

The overall disintegration rate of sludge depended on the con-
entration of O3 molecule in aqueous, the power and frequency of
ltrasound and the number of •OH in aqueous phase. Our experi-
ents were conducted under the same conditions, which indicated

hat the concentration of O3 and the rate of production of •OH
n aqueous were almost constant. In addition, the power and fre-
uency of ultrasound kept constant. So the amount of the disrupted
ludge kept almost constant, and the CODS increased a little with
he increase of initial sludge concentration. These factors led to a
ecrease rate of disintegration with the increase of initial sludge
oncentration.

.2.3. Effect of O3 dose
In order to examine the effect of O3 dose on the disintegration

f WAS by US/O3. The O3 dose ranged from 0.4 to 1.0 g/h was inves-
igated and the results were shown in Fig. 3c. It could be seen that
he SCOD increased from 9.92% to 14.48% and from 13.99% to 22.53%
ith the O3 dose ranged from 0.4 to 1.0 g/h for 30 and 60 min,

espectively. The results showed that O3 dose had a positive effect
n the disintegration efficiency of US/O3.

The increase in O3 dose could improve the mass transfer of O3
nd increase the area of the gas–liquid interface, which resulted
n an increase of ozone concentration and the formation of the
ree radicals in the solution [32]. However, when the O3 dose was
igher than the appropriate value, which would induce a mineral-

zation phenomenon [28]. Therefore, the O3 dose/TS ratio for sludge
isintegration should be determined by further experiments for

ndividual treatment systems.

.2.4. Effects of temperature
The effects of temperature on disintegration of WAS by US/O3

ere studied in the range 27–50 ◦C as shown in Fig. 3d. The SCOD
ncreased from 17.02% to 20.53% with temperatures ranged from
7 to 50 ◦C at 60 min. The results showed that the SCOD increased
lowly with the increase of temperature. The effects of temperature
ere complex, which had positive and negative effects on US/O3

reatment. The concentration of O3 in aqueous solution decreased
ith the increase of temperature, and the increase of tempera-

ure reduced the intensity of bubbles collapse [38]. These factors

indered sludge disintegration. On the other hand, the increase of
he temperature enhanced the rate of mass transfer during ozone
issolution [39]. These were the positive effects on the sludge dis-

ntegration. As a result from the obtained data, the improvement
f mass transfer was superior to the unfavorable effects caused by
Fig. 4. Effect of US energy density: TS 19 g/l; pH 6.8; O3 dose 0.6 g/h; temperature
27 ◦C.

the increase temperature, so the SCOD increased with the increase
of temperature.

3.2.5. Effect of US energy density
The effect of US energy density on the disintegration of WAS by

US/O3 was presented in Fig. 4. As the US energy density increased
from 0.12 to 1.5 W/ml, the SCOD varied from 10.78% to 15.11% at
30 min and from 15.96% to 20.76% at 60 min, respectively. The
results indicated that the increase of US energy density had a lit-
tle positive effect on the efficiency of disintegration. With the US
energy density increasing, the cavitation bubble volume became
very large, resulting in the insufficient collapse of bubbles. There-
fore, more US energy was dissipated. In addition, the degassing rate
of O3 increased with the higher US energy density, which had an
adverse effect on the concentrations of O3 and radicals. On the other
hand, the higher US energy density causing cavitation bubbles at a
higher temperature were compensated for the increments of dis-
sipated energy and the degassing rate of O3 [31]. So the increment
of the disintegration rate was slow with the increase of US energy
density.

According to the above results, the operating conditions of the
following experiments were set as follows: TS 19 g/l; pH 6.8; O3
dose 0.6 g/h; US energy density 0.26 W/ml; temperature 27 ◦C.

3.3. The solubilization and anaerobic biodegradability of WAS
treated by US/O3

3.3.1. Particle size distribution and turbidity
The particle size distribution was examined during US/O3 treat-

ment process. It could be observed from Fig. 5a, for untreated
samples, the particle size distribution ranged from 0.5 to 1261 �m.
Volume distribution was centred in the 12–90 �m size intervals,
with a mean diameter of 53.944 �m. For the treated sludge, the vol-
ume occupied by small particles was increased with the increase
of treatment time. The 90% of the volume was occupied by particle
with diameter size below or equal to 80 �m. Hence, the average par-
ticle size decreased to 18.12–38.99 �m. That was, US/O3 treatments
led the WAS to release matter into the aqueous medium. Moreover,
the distributions of particle size at 30, 45 and 60 min were similar.
It could be attributed to that most of WAS was disrupted after the
first 30 min.
Fig. 5b shows the effect of treatment time on the turbidity of the
aqueous phase. In the plot, since more particulate organic matter in
solid media was released to the aqueous phase, the increasing of the
supernatant turbidity with treatment time was obviously observed.
The turbidity of supernatant also increased slowly after the first
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Fig. 5. US/O3 effect on particulate matter. (a) Particle size distribution w

0 min treatment, which was consistent with the distribution of
article size and the change of CODS.

.3.2. Matter solubilization (STS and SVS)
US/O3 treatment led to a transfer from particles to supernatant,

nd reduced the sludge volume. Fig. 6 presented results obtained in
erms of TS and VS solubilization. The STS and SVS increased with the
reatment time: varied from 0% to 28% and 34%, respectively. US/O3
reatment made particulate matter in WAS become small (Fig. 5a)
nd solubilize in the aqueous phase. Accordingly, SS and VS in the
queous phase increased, and the WAS volume was reduced, which
as consistent with the change of particle size.

During treatments, total COD, VS and TS concentrations
emained almost constant (results were not shown), which showed
hat US/O3 treatment did not lead to a mineralization phenomenon.
t the beginning of treatments (5 min), the SVS was lower than

he STS about 1.6%. However, at 60 min, the SVS was more than
he STS about 6%. The above results showed that more particulate
rganic matter was released to aqueous phase than particulate min-
ral matter with the increase of treatment time. This phenomenon
ight be explained by the following reasons: US/O3 treatment

rst disrupted the sludge flocs, and then disrupted microbial cell
alls. Moreover, sludge flocs might have more mineral matter

han organic matter, and most of the intracellular substances were
rganic matter. In conclusion, US/O3 treatment was efficient in
erms of matter solubilization and sludge reduction.
.3.3. Effect of US/O3 treatment time on batch anaerobic digestion
The impact of US/O3 treatment time on anaerobic digestion effi-

iency was evaluated by the accumulated amount of methane in

Fig. 6. US/O3 effect on matter solubilization (STS and SVS).
eatment time. (b) Effect of treatment time on aqueous phase turbidity.

anaerobic digestion tests. As shown in Fig. 7, the methane bio-
gas productions of all treatments sludge were higher than that
of untreated sludge, but were lower than acetic acid (totally
biodegradable substrate). These results showed that the US/O3
treatment obviously improved the sludge anaerobic digestibility.
The methane biogas content of the sludge pretreated by US/O3 at
120 min was lower than that at 30 and 45 min. It might be the rea-
son that the overdose of ozone caused the formation of refractory
compounds and decreased the biodegradability of sludge [27]. The
optimal treatment time for improving anaerobic digestibility in this
experiment was 30 min.

3.4. The possible mechanism of US/O3 treatment

3.4.1. Effects of NaHCO3
Fig. 8 shows the results of US/O3 treatment with adding NaHCO3

as a hydroxyl radical scavenger. After 10 and 100 mmol/l of NaHCO3
were added, the CODS increased from 1821 to 2302 and 2513 mg/l,
respectively. Compared to the sample without the addition of
NaHCO3, the CODS increased a little. The reason was that the
added NaHCO3 caused the sludge presented basic. Thus, it could be
deduced from the results that the ozone molecules, not the radi-
cals, played a major role in the disintegration of WAS, which was not
consistent with some scholar’s results [30,31]. In their results, the
•OH played a major role in the oxidation of p-nitrotoluene and p-
aminophenol [30,31]. The reason might be that the characteristics
of treatment objects were different.
3.4.2. The reason of pH-drop
The changes of pH and VFA were investigated during US/O3

treatment process. It could be observed from Fig. 9 that the pH val-

Fig. 7. Batch anaerobic digestion tests at different US/O3 treatment time.
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Fig. 8. Comparison of CODS between NaHCO3 adding and no NaHCO3 addition.
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Fig. 9. The changes of pH and VFA before and after US/O3 treatment.

es decreased from 6.8 to 5.21 with the increase of VFA from 61.35
o 111.96 mg/l. The concentrations of acetic acid, pentanoic acid
nd hexoic acid increased from 15.8, 14.59 and 30.97 to 52.02, 21.24

nd 38.7 mg/l at 60 min, respectively. Moreover, the propionic acid,
utyric acid, isobutyric acid and isovaleric acid were undetected
fter the 60 min treatment by US/O3. The pH-drop of sludge dur-
ng the US/O3 treatment process might be caused by the increases
f VFA. Our results were consistent with the report that chemical

ig. 10. Comparison of CODs between US/O3 treatment and O3 treatment followed
y US treatment in the same operating conditions. For US/O3, 1, 2, 3, 4, 5 and 6
epresented that WAS treated by US/O3 for 0, 5, 15, 30, 45 and 60 min, respectively.
or O3 treatment followed by US treatment, 1, 2, 3, 4, 5 and 6 represented that WAS
reated by O3 firstly for 0, 5, 15, 30, 45 and 60 min, followed by US treatment for 0,
, 15, 30, 45 and 60 min, respectively.
Fig. 11. Ozone escaping dose in 1 min for O3 treatment alone and US/O3 treatment
at different treatment time.

or biological sludge solubilization produced a hydrolysate that was
mainly constituted of VFA [40].

3.4.3. Comparison of CODS and O3 escaping dose
In order to testify the synergistic effect between ozonation and

sonolysis, the comparison of CODS between US/O3 treatment and
O3 treatment followed by ultrasound treatment in the same oper-
ating conditions was conducted. It could be seen for Fig. 10 that the
CODS of sludge treated by US/O3 was more than the CODS of sludge
treated by O3 treatment and followed by US treatment (3040 and
2483 mg/l at 60 min, respectively), which obviously confirmed the
enhancement between ozonation and sonolysis.

The escaping dose of O3 treatment alone and US/O3 treatment
in 1 min at different treatment time was shown in Fig. 11. WAS
treated by O3 alone escaped more O3 doses than that treated by
US/O3, so more O3 reacted with sludge for US/O3 treatment than
the sludge treated by O3 alone. It could be attributed to that ultra-
sonic radiation enhanced the mass transfer of ozone to the aqueous
phase.

The results from Figs. 10 and 11 confirmed that ultrasound com-
bined with ozone induced a synergetic effect, and US/O3 was more
effective than ozonation treatment or sonolysis treatment alone.

4. Conclusions

US/O3 was an effective technology for improving the hydrolysis
and anaerobic digestion performance, and was more effective than
ozonation or sonolysis treatment alone. More works are needed
to determine such as the toxicity, economical efficiency, kinetics
models and reactor design. From the above experimental results
and discussion, some interesting points could be concluded as fol-
lows.

The temperature, O3 dose, US energy density and pH had a
positive effect on the disintegration of sludge. However, the opti-
mal operating conditions should be set in light of the individual
treatment systems. US/O3 technique led to solids solubilization,
anaerobic biodegradability enhancement and sludge reduction. The
CODS and turbidity in the supernatant increased a lot. The reason
was that the substances in the sludge flocs and cells were released
into the aqueous phase. The methane biogas production of treated
sludge was higher than that of untreated sludge, but the overdose
of ozone caused the formation of refractory compounds and the

decrease of biodegradability.

The ozone molecule direct reacted with WAS and the hydrome-
chanical shear forces were responsible for sludge disintegration.
US/O3 induced a synergetic effect on the disintegration of WAS,
and ultrasonic radiation enhanced the mass transfer of ozone to
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olution. In addition, the probable reason of pH-drop was that the
isrupted sludge produced VFA in the US/O3 treatment process.
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